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ABSTRACT

This report preeents a su_ry of the work performed by Mechanical

Technology Incorporated under Contract NAS8-2588 (Subcontract 213-03-72120-6244

with the General Electric Company), entitled "Gas Lubricated Gimba! Bearing

Investigation," with the National Aeronautics and Space Adminlscrat_on,

Hunstviiie, Alabm_a.

The Investil_ation is an analytical _tudy of the static and dyn_nic load

carrying capacity and the flow for the externally pressurized, ga._ lubricated

journal and thrJst bearing with orifice re._tricted feeding.

The investisation comprises the followin_, analyses:

I. An approximate analysis o_: the static load and the flow for the journal

and thrust bearing, restricted to small values of the eccentricity

ratio. The number of orifice restricted feeding holes is assumed to

be large such that the feeding planes become, line source._. The

solution is a first order perturbation calculation on the eccentricity

ratio.

2. Au snalysis of the static load and the flcw for the thrust bearing

where the orifices are represented by point sources.

3. An _pproxi_ate analysis of the static load and the flow for the

journal bearing with the orifices as point sources. The analysis is a

first order perturbation calculation on the eccentrlcitv ratio ,_, i.e.,

the results ar_, valid for sm411 =_ only.

4. An approxinu_te analysis of the statlc load for the journal bearing,

valid for all eccevtricity ratios. The feedlqg planes are taken as

llne sources an3 the bearing is assumed _o be infinitely short.

5. An approximate analysis of the dyn_lc stiffness for the journal and

the thrust bearing. The feeding planes are repre.qented by line

sources and the _olution is a first order perturbation calculetion on
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the amplltude, i.e., the results are limited to motions with smal]

_mplitude. The motion is a harmonic vibration around the concentzic

position and is either a pure translation or a pure transverse

rotation.

Ali five analyses have been programmed fer the IBM 704 computer. Numerical

resulte are obtained and compared to Lest data.
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i_r_0nucr10_

The externally presst, _.zed, gls lubricated glmbal axis beazin_ for a gyro-

scope in a missile m_.". nee_ a series of severe specifications. As s_ecific._l!v

related to the " =squrized gas bearing the most important of t._,esespe=ifica-

tJons ar-

I. The bearing must be capable of withstanding high static and dynamic

loads imposed by acceleration and vibrations during launching and

space flight conditions.

2. _ne bearing and its auxiliary equi_nent should have minimum weight,

volume and power consumption.

3. The error drift rate caused by turbine torque should bc a_ low as

possible.

4. The bearing must be stI_ble.

1"he desi_,n problems arisin_ from t_e_ specification_ _equire fcr their

solution a development of maouracturlng tec'hn._ques, experi_:_._al methods and

theoretical analysis. It is _L_ purpose of this report to _:, _._ibe the

analytical methods which have _en developed to assist in r_- des:gn of the

glmbal ga _. bearing. The present anslysi= has three ob]e_ _._:

&) to furnish methods for opti_=_tton of _he r_=,.'_"

b) to calculate the load carrying _:a_ac_.t_"an_ _:'_ flow of th_ bearing,

c) to calculate the dye.stoic bearing stiff=es_ _._ use in a resonant

frequency calculation.

In formulating the thaoretical analys_._ the two basic equations are:

I. _e_n_olds equation vhic_ represents the bearin E gas film (s_e eq. (A.5)

(A.17), Appendix A). This means that _a_ inertia, turbulence and

shock eonditlona are not considered. Furthermore, _he Kas fiim i._

aos_d to be isothcrwal.
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2. The ther_ody_aic, one-dimensional orifice flow equation (eq. (6.22),

Appt, ndix A). The equatio_ contains a vena concracta coefficient to

define *he _ff.ective flow area through the orifice. _n_ coefficient.

i_ determined experimentally.

Hence the basic requlreuent of the analysi_ Is co find methods for solving

Reynolds equation and the orifice equati_ simultaneously. In general, these

equaLions are coo complex to permit an exact solution so that instead various

approxi_ce solutions have been obtained, each s_.rvin_ its particular purpose.

The first solution assumes chat the nmmber of feedin 8 holes in a feeding

piane is sufficiently larKe to let the fee_In8 planes become line sources.

Thi._ simplification allows a direc_ solution of the thrus_ bearin8 whereas :he

journal bearing with it_ circumferentially varyiu_ _i_n thickness is solved by

a, first order perturbation on the eccentricity ratio _ (i.e._ the results are

valld for mll _ -values only). The ._dvant_e of _he c,olution is chat the

res,,Its for tke load and the flow are functions of only three parameters: the

L/D ratio r.he oressure ratio P /P m_d the feeding pardmeter /_,. (eee Fip, s. 3-' ' 8 S .

6)_ Hence the dmalysls provides an easily interpreted, yet compreheuslv_

picture of the bearini; perfozltattce so Cha_ the effect of • chan_ in any design

parameter is read_ Iy evaluated.

The seco,_ solutise uses a more accurate represemca_icm c! the orifices by

umkln_ th_n discreet point sources. Far the thrust bearinK,R,_ynoldr equation

reduces to Laplace's equacio_ _d an exact solution _an be obtained for .ill

eccentricity ratios (i.e., for all values of LI_ film thickness). The journal

oe_rins, however, does not have a uaifona filu thicknes_ and _herefore an exact

solution cannot he obtained. ResCricci_ the a_alyliJ to mll eccentricity

ratios • firs_ orae: percurbatic_ calculatio_ is performJd which _lves an

accurate evaluation of the be_riuq_ s_iffoes8 a_ ¢ - O. To find the journal

be_rin_ )o_d vs. eccentricity ratio rels_c_unhip for l_rl_e values of _ _n

1965012960-010
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app_-oxlgmte anal_s_.8 f._ made. The analysis assumes the orifice feeding to be

a line source and i._ additio_ that the bearing is infinitely sho_t (i.e., that

the sxi__.lflow grad_.e_t is much l_rger than the circumferential flow gradient).

This resL,,Itsin a load ,s. c curve which may be improved by normali_ing it with

respect to the accurately calculated slope (.stiffness) at _ = 0.

The last part of the analysis i5 concerned with the dynmnic stiffness of

the bearings. In this case Reynolds equation becomes non-linear. Limiting the

analysis to harmonic vibrations with small a_plitude around the concentric

journal position, a numerical cxS_cuiation i8 carried out by means of a first

order perEurbation solution. The analysis assumes two vibratory motions:

either a pure translation or a pure transverse rotation. Hence the increase in

bearing stiffness _aused by the squeeze film effect can be e_timated (see Figs.

26-33) and included in a resonant frequency calculation.

All the above analyses have been proErumed for the _BM 70¢ co_,outer.

l_usmricsl results have been cbtalned an_ compared to experimental data (see

Figs. 7-14 and Figs. 20-25).
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RESULTS

The sco_ of the investigation is outlined in the preceeding sectlon. The

general theoretical background and all the analyses are given in detail in the

a_sendlces. Thie section is concerned with the numerlca] results of the

investigation as they are given in Figs. i--33. The result_ are of [wo cate-

gories: a) general dimenslonl<_s data from which the effect of a change in

design para__eters may be evaluated, and b) specific numerical data for compari-

son _*Ith test data.

I. Orifice and Millipore Cha;scterlstics

The thermodyn_aic, one dimensional orlfxce flm_ equation is given by

eq. (A.22). To account for she effective orifice area the equation

contains avena contracts coefficient _ which is evaluated by fitting

the theoretical equation to NASA test data 2588-I to -4 giving the

orifice flow 8s a function of downstream pressure for a fixed supply

pressure. The results for the s]eeve and the endplate are given in

Fig. 2 and serve as a basis for the subsequent calculations. In

addition to usit_g orifice restricted feeding, tests hav_ also been

conducted with millipore restriction. The millipore restrictor is a

filter of five layers: 2 screens, 2 cement wafers and a membrane

filter. An empirical expression is used to describe the characteristics

of the milllpore, eq. (A.29), which contains five experimen_ally

evaluated coefticlents. From NASA test data 2588-21 to -27 of the

millipore flow as a function of supply pressure for a fixed downstream

pressuze these coefficients are found to be:
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Sleeve No. 4 Endplate No. 2 and No. 4

a = 3.892 3.859
o

B = 1.406 1.267

C(psi-l) = .101 .108

D(psi) ,,-.335 -.40

a2(in 2) - 1.399.10 -6 1.348.i0 -6

2. Bearing Dimensions and Air Data

The general be,ring geometry is shown in Fig. I. The actual bearing

dimensions are summariged below as taken from NASA dravlngs:

orifice bearing: DIOS81725, CI0582503, FI0582504, _i0582710

mi]lipore bearing: DI0582619, FX1783550, BX1796031, ,_X1796032, FX179_040

Orifice Bearing Millipore _earing
Sleeve No. 5256 Sleeve No. 4

Kn_._lat,:No. E339jE445 Endplate No. 2&4

Length outside
feeding planes : L .724 .724
Length b_tween

Journal feedlog pla_es : L 1.2532 1.2532
8earlng Bearing din. : D1 2. 1622 2. 1625

Radial clearance: C .00055, .000925 .0005, .00074, .00095
Orifice radius : a .0025 -

Feeding hole
d Xaaeter : d .028 .028
Number of feed-

ing holes : N 32 48

Outer radius : R1 1.057 1.0676
Inner radius : R 2 .650 .650
Orifice circle

Thrust radius : R .835 .835

Bearing Axial clearance : Cc .00085 .00055, .00075, .001
Orifice radius : a .0035

_eeding hole
diameter : d .018 .028
Number of feed-

lug holes : N 12 18
Depth of recess : h .0002 .0OO2
Radius of recess: Rr .109 .109

r

(all dimensions in inches)

The air is at 75°F vtth:

Viscosity : _ - 2.83.10 -9 lbs.sec/tn 2
(Gas constant) . (Total telp.) : RT - 342,500 in
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Four ratios of _upply pressure to ambient pressure have been tested:

Ambient Pressure Supply Pressure Pressure Ratio

P P_ P V =P /P
& 6 $ s a

ps ia p8 IR psia

i4.7 12.8 27.5 1.87075

14.7 i.25 15.95 1.O8503

7 .O 1.25 8.25 I.17857

1.0 1.25 2.25 2.25

3. _earinR St$.ffne3s and Flow at Eccentricity _ 0

k_ne first part of the investigation is based on an analysis which is

a first order perturb.ation solution on the eccentricity ratio _ _round

the concentric journal position (Appendix B and C). Hence the analysis

gives results for the stiffness and the flow at c = 0 for the journal

bearing and the double acting thrust bearing. In dime._sionle_s form

the results ale given in Figs. 3-6 as fun,orion of the feedin_ par_mmter

,_. This parlmeter may be visualized as expressing the ratio between

the bearing flow resistance and the orifice flow resistance. When the

bearing resistar, ce is very high (f. inst. for a very small clearance)

or the orifice resistance is low, then there is no pressure, drop

through the orifice° Hence, the pressure is uniform around the cir-

eumference of the journal bearing and there is no Load carrying capacity.

In other vords, as _-_¢_, the load _ O. Conversely, when the bear-

ing resistance is small (f. inst for • very large clearance) or the

o_ifice resi3tance is high, the pressure dmmstre_m from the orifice

reduces to ambient pressure and again there is no load carrying c_:pa-

cloy, ,_.e., as _--_0, the load--_O. Therefore, the load has a maxi-

mum value for a given bearing geometry and a given pressure retie,

corre_pondlng to a particular value of ,%. This is the case for both

_he Journal bearing and the double ectlng thrust bearlog as _hown by

Figs. 3 and 5. Thus, in _eB_al the bearing clearm_ce and the orifice

1965012960-014
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area should be chosen to give a ,x.t which corresponds co the maximum

load. This is illustrated in Figs. 7 9, Ii and 13 where the orifice

area is held fixed while varying the clearance. It should furthermore

be observed that for a fixed At and a given Jmbient pressure, the flow

increases with :-he cube of the bearing clearance. Hence, from the

point of _._ of minimizing the flow= ,-.-,dstill have a maximum load:

i.e., z_ unchanged, the clearance should be as small as consistent

with manufacturing con_idermtions. However, the bearings capacity for

shock absorbtlon is dimlnlq_.ed by reducing the clearance Fo that a need

for a compromise is indicated.

In applying tb.e above approxlma=e llne source analysiP to an actuai

bearing desii_n it is apparent that there is a need for inrroducin B a

correction to account, for the difference between the idellized model

and the actual bearing. Experience has shown that ca? analysis is able

to predict the bearing flow rather accurately, fron which it can be

deduced that th_ analysls also calculates the dcwnstre_ orifice pre_-

sure correctly. However, the analysis ignorr_ the reduction of pres-

sure be_en the orifices so ch_t the calculated load =ends to be to_

large. The load is _nerated by the circumferential pressure vtriation

set up by the eccentric journal, or expressed in terms of the analysis,

by the preleure perturbation on the s_trlcal, concentrlc-positlon

pressure. This variation (or perturbation) is governed by the slope

of the orifice flow vs. downstream pressure relationship at the operating

concentrlc Journal position (see. Fig. 4, Appendix B). Therefore, it

seems reasonable to attar to apply an empirical correction factor to

the slo1_ whil_ recognising chat a formal Justification is lacki_.B. A

correction factor of 2.0 has been used in calculating Figs. 3, 5, 7, 9,

11 and 13 i.e. m' in Appendix B has been multiplied by 2.0 The
' ' 0 °
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analy0is is prograN_ed for the IBM 70_ computer.

Figs. 7-14 show a co-_ri_on between I_SA test data (2588-5 to 20,

-58 to 50 and data of June 26, june 28 and july I0: 1962) and theoreti-

cal results obtained as explained above. The agreement is quite satis-

factory.

The saee analysis is used to study the effect of the axial posit_on

of the feeding planes in the journal bearing. The results are shown

in Fig. 15 where the abscissa is the ratio of the distance between the

feeding, planes and the total bearing length. The curves give the maxi-

mu_ obtainable dimevsionless load together with the corresponding values

of the dimensionless flow and the feeding pmrasnet_r _. Within a

practical range for the feeding plene distance the load dots not exhibit

a n_axlmu_ as long as /_ is changed according to the given curves. If

is kept constant, though, while ,_'he distance is changed, an optimum

feeding plane position can be dete_t_ed. The ratio of load to flow

is u_xL_u_ with one fee_Ing plane in the middle of the bearing. It

should be noted that these results are concerned w_th the load for an

aligned journal only, or in approxiuuntlon wltb the stiffness for trans-

latory Journal motion. If instead the stlffuese for journal rotatior.

around a transverse axis was consldere(;, it would be expected that an

optimLm feeding plane position existed. This :alculation has not been

per _or_d

4. B_s_arlns ,L,,oad vs. Ecc__ncriclCy Racio

Since the preceedtng line _ource analysis is restricte_ to small values

of the eccentricity ratio c amld predicts a linear relationship between

load and _, additional analyses are required to determine the load for

large values of c.
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The thrust bearing presents the _implest case because the gas film

thickness is uniforms. Even the line source ana_,'_is need not be

limited to small _ although this was dont above in orde_ to simplify

the results for the double acting thrust bearing. For the present

analysi_ a more accurate representation of the orifice_ is introduced

by making them point sources. This is a logical method since Reynold_

equation for the thrust bearing reduces to Laplare's equation in the

square of the pressure. The orifices are taken as logarithmic

singularities and the physical boundary conditlons are satisfied by

means of image sources and sinks (Appendix E). The general dimension-

less results are given in Figs. 16 and 17 for the thrust bearing with

a recess around the feeding hole and in rigs. 18 and 19 for the bearing

without a recess. Figs. 16 and 18 give the dimensionless orifice

downstream pressure P. as a function of the feeding hole radius r and
• o

the orifice source strength C. The effect of recess depth h or number
r

or feeding holes N is also shown. Combining this data with the. orifice

flow equation (see eq. (E.6), Appendix F.), the actual downstream pres-

aure and source strength can be determined for any particular case wi_h

a given film thickness and bearing geometry. Knowing the source strength

the bearing load is found dlrectly from Fig. 17 or 19. Such a calcula-

tion has been carrir.d out for four s_ecific test conditions and t._e

results are compared to the experi_ntal data in Figs. 20, 21 and ?2

The agreement is good. l'he pressure distribution has also beee computed

and compared to measuremenLs in a few cases. The correlation wa._ very

satisfactory, but no result_ are given here. It should be nol_.d that

in performing t'he calculationL_, the effective feeding hole rad_u_ r0

was taken as .00_ inch instead of the actual dimension o[ .009 inch to

account for the orifice jet not filling out the entire feeding hole

1965012960-017
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area. Th._.% value of the effective radius is in agreement wztn tbe

m_asure-_ents of the velocity head _f the orifice jet as it enters the

be ar i_,g.

The corresponding analysis for the journal bearing is vastly more

difficult since the film thickness varie_, circumferentially when the

journal is in an eccentric position. IL,stead of attempting _ complete

solution the analysis has been limited to finding the bearing still-

ness (i.e., the slope of the ]oad curve) at 6 = 0. This is done by

perturbing the pressure and the orifice source strength with respect

to 6 around the concentric position. The orifices are point sources

expressed mathematically by the impulse function (the Dirac de]re

function). Performing a first or4er perturbation, Reynolds equation

re4uce6 to two equations of the Laplacian type, the first equation

being for the pressure in the concentric portion and the second

equation being for the pressure perturbation which determines the load.

The equations are solved in terms of infinite series (see Appendix C

and D) and calculated on the IBM 704 computer. Due to the many para-

meters and the lengthy comaputatlon time no general results have been

given. However, the progrRm is used to obtain the stiffness for _'ou_

particular test conditiot)s (Figa. 23-25) in connection with the _ubse-

quest 4nalysis.

In order to extend the analysis of the journal bearing _o larger values

of the ec=entrlcity ratio an a1_proxlmate analysis has bee,_ set Lip, ._ee

Appendix F. The orifice fe_ding is again r_.presented by line sources

and in ad_/Itlon the bearing is considered infinitely short (or in other

words the axial flow gradient >> the circumferential flow gradient).

A similar approach has been successfully employed for the hydrodynamic

bearlv_ (Ref. 6). Solvln 8 the e_uatlons results in the load as a

1965012960-018
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function of c, This curve 5.s scaled down so that its slope at c = 0

becomes equal to the previously calculated, accurate slope (st=ffness).

The results are show_ and compared to NASA test data in Figs. 23-25.

The agreement is reasonably good.

5. Dynamic Bearing Stiffness

If the gyroscope is subjected to time changing acceleration_ _he journal

will perform vibratory motions. The vel.octt_" of the motion will

"squeeze" the gas film thereb 5 increasing the film pressure and nence

increase the bearing load and the stiffness. Since the velocity is

proportional to the vibratory frequency the dynamic stiffnes, o is

frequency dependent. _'_is effect is important in a resonant frequency

calculation.

The dynamic Reynolds e£uation (eq. (A.6_ and (A.17), Appendix A) is

non-linear and only an ;,ppro).imate solution is attempted. The equation

is linearised by ass_,L_ing the journal moticn to be harmonic w_ch small

amplitude around the _on.;ent_ic position. 'A'wo vibrating modes are

studied for both the Journal and the thrust bearing: a pure transla-

tion with a_plitude _.co_ and _ pure rotation around a transverse

sTsm_try axis with angular amplitude :_.cosa_, where _..is the frequency.

Assuming _ and _ small, a first order perturbation calculation is per-

formed. In addition, the feeding planes are treated as line sources.

The resulting equations are r_written in terms of finite dlfference

equations and integrated n_rically on the com1_urer. Results for the

dlmens_onless translatory stiffness, the dimersionless rotational

stiffness and the phase angle (i.e., the angle oy which the stiffness

lags the amplitude) are given in Fig_. 26-33 as function of frequency,

As tPould be expected, the stiffness increases with increasing frequency
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but the effect is first noticeable at high frequencies, f. lust. f_r

an amblent pressure P = i psi_. at 3 - 40 eps and _or P = t4.7 at 200 to
a a

400 cps. At low frequencies the d3mamlc stlffneas is equal to the

static stiffness.

Three distinct resonant frequencie_ _Ay be visualized: a) a pare

translatory mode governed by the Journal bearing stiffness, b) a pure

tran_lator,, mode governed by the thrust bearing stiffness, and c) a

pure rocaclonal _ode (i.e., a rotation around an sxis through the

center of gravity of the journal perpendicular to the journal axis)

governed by the combined journal and thrust bearing rotational stiff-

hess. Denoting the translatory stiffness: K (Ibs/in) and the

rotational stiffness: m (lbs.in/rad) the resonant frequencies _. are

given by :

trsnslatory _ = ¢_ sec

rotational _ = lec

2
where M is the journal mR.ss _,n lbs.sec /in and I is the transverse

2
mass _nt st inertia in Ibs.ln.sec Hence:

K = I_ 2

m = I_ 2

where K and m are found frc_ F'.gs. 26, 30, 28 and 32 by:

WD
C¢

%
o

T_,:s K and m may be plotted as functions of frequency _, for m given

bearii_g and a girth operatlug ccmdltion. Or, the state graphr, the para-

bolic curves _m2 end I_ 2 cam be plotted stud their in_.ersection with

the coz_espemdxng stifftmss curv_ define the resonant frequencies.
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The actual calculatione have nct been carried out. It should be noted

that the dynmic: stiffness actually is a combination of .:_stiffness

ter_ and a d_ing term. Let it be assu_d that the journal is in

static equilibrium at an eccentricity ratio co . If =he journal is

given a Jnmall displacenrent X and a corresponding ve!e¢i_v X the

re_toring force becomes:

F=__/OF_,,,

For a translstory jou-nal motto_ wlth s_l!tude CE_nm0._t the restoring

force is fro_ the analysi_ (see Eq. (G.62), Appendix C)

F -Wl)= _r_D(L+L,)W_ E cos(_t-i_,,)'_P'J)4)V¢P(cos_wx-_

P.ence we may introduce:

C _ _C

where KD is the actual dy_mtc stiffness. Both KD and CD are functions

of frequency because W' and _aure. If the sJ.eeve is subjected to a

forced vlbratio_ with _litude bcos_ot, then the journal will vibrat_

with ar _litude y relative to the sleeve, where:

= %_Q){ "_i.,,,,CQ; ¢os(-t-lIK,,) Iv.: t.,,"l,_o_-'_--'M-'_/

Thus for a given value of the frequency _. the mq)lltude of the Journal

motion can be determln_d.

_. Turbln¢ Torque

The actual tmaring and orifice dlsmnstons will alvay_ deviate slightly

from the ideal drm_Lng d_menslo_m. ?_um there will always be d.s-

symsmtri_s in the t[o_ throash the beavLng and the circumferentia_

compoe_nt of chose dlssymNtrie_ will exert m act torque on _he journal.
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For r.hefunction of the gyroscope this torque is highly unOesirmble

and must be kept to a minimum. The torque depends on the eccentclclty

ratio and on the journal motion and is not constant over the o_eratlng

range of the.bearin E. This makes it impossible to eliminate the torque

by any simple coI_pensation.

In the following a few _i_ple calculations are made to bring out some

of the iuq)ortant factors contrlbutin g to turbine torque. Limitin E

the discussion to the journal bearing the circumfecential pressure

distribution is in principle as shown below:

',L/ ""-...4._.J /

Three possible sources for turbine torque .,wy be ideutified:

a) The orifice Jet impingins on the Journal, i.e., _he

orifice flow velocity hea_ shove.

b) The overall circumferentia I f_ fr_ _h_ bottam toq_srds

the t_p caused by I::he ecclnt-ric journal. This flow may

be cemsi_rad to cm_ fr_ _he distribution labeled:

'_re88ure distribution for liege eour_ teedinS" _bove,

81nee this dlrtlrlbutiom rcpzooont8 the orlfl_ 6_Aujtre_

pro88mre.

c) The local circu_erential flow varis_i_ bet_e_m _be _rifi_e8

c8uI_6 b_ _he _ "Se.al_o_ _' II_"_Sl,'ll_el_ _iot_ribu_lo_.
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Let the total bearing flow over al! N orifices be QT in3/sec at ambient

pressure Pa' The orifice downstream pressure is P and the orifice jetO

is assume_ to have the same radius, a, as the orifice. It all oL'ifice

centerllnes pass the journal center by the distance _ inch, then the

=oral torque ca, aed by orifice Jet impingement becomes:

_ J _ Q_
T, -_ p_(RT;_ N_r

2
where RT _s the (gas constant).(total temperature) in in2/sec To

convert the torque to dyn.cm, multiply by 1.130.106. For the parti-

cular test condition of a supply pressure = 12.8 psig and an ambient

pressure of 14.6 psla the flow is 7.63 in3/sec at an orifice down-

stream 0ressure P = 21.4 psia. If furthermore the orifice centerline
O

eccentricity _ due _.o _oth tolerances and journal eccentricity is set

to _ = .001 in. for al_ orifices (conservative) the torque becomes:

Let the gas film pressure be P so that the circumferential shear stress

on the J),,rnal at an angle _ from the top of the bearing _s:

where C is the radial clearance and R is the journal radius. The total

torque on one bearing half becomes:
L

,_-RC (_+_cose)_edz
0 .

When the feeding planes are line eources and the eccentricity ratio c

is small, a first order perturbation calcul_tlon shows that the pres-

sure may be expressed by:

P_ Po(z) �,cP,(z)cose
llence the torque becomes:

L

T_= -_(RCI'P,(_)az
Jo
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The bearing load W ibs is:

W= -2 P_be _do dz - 21[£ I_ P,(z) dz
0

so that the shear torque is given by:

±
For the same test condition as used in arriving at the above value for

the orifice jet torque T the shear torque %ecomes:

T2 = t38o
at an eccentricity ratio c =.I, a lo--d of 4.16 ibs and a radial clear-

ance C = .000925 in. The net torque on the journal is the balance

between the torques on the two bearing halves, i.e.,

I

! On the other hand the net orifice jet torque is1

Hence it may be concluded that the jet impingement effect is small

; compared to the circumferential flow effect.

l_e thirc contribution te the turbine torque from the pressure varia-

tion between the orifices can be shown to be of the same order of

magnitude as the shear to_que T2. Thus this effect is very i_ortant

but no numerical calculations will be given.

7. S_m_cy of Results

Briefly summariced,the results of the investigation are:

a) A simplified analysis of the bearinB load and the flow for

use in selecting the design parameters. The results are

dimensionle_s and may reauil}, be presented in convenient

graphs as shown in Figs. 3-6, The validity of the results

is established in Fi_;s, 7-14 by a comparison with test data,

b) A calculation method for determining the load as s function
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of journal eccentricity for both the journal and the thrust

bearing. Comparison with test data is shown in Figs. 20-25.

The form of the general theoretical results, from which the

nun_rical data is calculated, is illustrated by Figs. 16-19.

c) A simplified analysis for the dynamic stiffness. The rcqults

may be given in dimensionless charts as in Figs. 26-33 and

are used for calculating the resonant frequencies of the bear-

ing and the mnplltt,de.

d) Co_puter progrsms h-qve been vr,itten for all the anslyses.
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DISCUSSION

Having presented the scope anJ the results of the analysi_ it remains to

discuss the imp li_ations of the results and the limitations of the =nalvsi_.

One of the basic design reouirements of the gim_al _as bearing is to

ob_aln maximum stiffness and load with a minimum of flow and power. Since the

stiffness is not constant over the operating range the design specifications

mu_t give information leading to a definition of where the stiffness should be

o_timized. No such explicit specifications exist at the present ti_ (i.e.,

for steady state acceleration, vibratory acceleration, frequency spectrL_,

impulse loading etc.), hut it is th_ current feeling that the stiffness should

be optimized at a large eccentricity ratio (approximately £ = .93 to ensure

that the bearings load carrying capacity may be utilized to its limit. This is

clearly not sufficient since the load curve may be such that the stiffness is

larBe at c = .9 and relatively small at _ = 0, the latter case being a possible

space flight condition at zero g. Furthermore the area under the load curve

cannot be neglected since it is a measure of the bearings capacity for shock

absorbtion. Also, the gas film dmaping is important in establishing the vibra-

tory maplitude at resonance where the cylinder must not touch the bearing sleeve.

However, in any case an analysis is needed to give a rather accurate =alcuIation

of the load curve and the present investigation has been partially successful in

doing so. It is apparent, though, tha_ the journal bearing analysis need to be

refined. In addition it seems clear that a more detailed and more physically

correct orifice representation would improve the analysis. It is hardly to be

expected that a one dimensional orifice model can account accurately for the

complex three dimensional flow existing around the feeding hole entrance to the

bearing. It is essential for future progress to explore this area.

Another problem is the dynamics of the oearing. The investigation has

analyzed the d}_amic stiffness but only for the concentric journal position and
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based on a simplified orifice feedlng represent;tlon. A more extensiv_ analysis

is needed which _ncludes the ef£qat ot eccentricity ratio and, if at all possi-

ble, allows for the influence of the bearing on tile orifice under dyn_ni_

conditions. This is an extren_ely difficuI[ problem _inze it involves both a

method for selving the non-linear Reynolds equation and in addition a _ethod

for solving the time dependent orifice characteristic, a problem which has not

yet bee_ well defined. A study of thzs type is necessary not only for a more

accurate frequency response calculation but it is also an essential prerequisite

for a stability analysis.

The investigation has ignored the possible existence of shock conditions

in the bearing. Such conditions may occur around the feeding hole entrance and

in the gas film when the ambient pressure is low. Since the analysis assumes

isothermal conditions it is no_ suited to investigate shock. Therefore, a new

analysis is needed if this problem becomes important.

The analysis is limited to the bearing geometry of Fig. l, whereas an

actual design analysis should consider all possible configurations. Thus it

would seem natural to attempt a more uniformly distributed gas feeding to reduce

turbine torque, f. inst. by a porous _leeve wall or by suitable grooving of the

bearing surface. Obviously this require_ a new analysis.
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CO_LUS IONS

i. The investigation has demonstrated that aralytical methods _an be used ir

selecting the optimum bearing dimensions and design parameters

2. A method has been developed to calculat_ the load as a function of jo:rnal

displacement for both the thrust and the jour_al bearing Thi_ i_ :eeded

for evaluating the bearing performance over the entire operalin_ range°

3. An, analysis has been set up for calcalating the dynamic stiifr.es_ of both

the thrust and the journal bearing and, hence, for celcuiating the resonant

frequencies of the bearing. The analysis provi@es f_r dete_--m,in_ng the

vibration smplitude caused b%" a forced vibration of the bearing.

4. The investigation has demonstrated the need tot a detailed stud_ of the

flow through the orifice _.nd around the feeding hole entrance_

5. Calculations have been made to show that the orifice jet impingement plays

a minor role in producing turbine torque. The circumferential flow, caused

by the eccentric journal and by the pressure drop between the orifices_ is

a major f_ctor.
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RECOMMENDATIONS

I, A study of the pressure and velocity distribution arouna the orifice an_

the feeding hole _hou!d be undertaken. Preferably the _tudv should include

time dependent effects. Such an analysis is necessary for obtaining closer

agreement between experimental and theoretical results and also for setting

up a realistic stability analysis.

2. A more co_nprehensive analysis of the dynamic behavior of th_ bearin_ is

desirable both for calculating the vibratory responso and the stability.

It may be necessary to resort t_, a numerical s_,iutiu:_ based on finite

difference equations. 3ince the simultaneous solution o[ the Reynolds

equation with the orifice equation is a highly non-linear probl£m, a

separate mathematical study of related numerical techniques is indicated.

3. Othez promising bearing configurations should be analyzed similarly to the

present investigation. Thus f.inst, the bearing, where the gas feeding

takes place through narrow slits oz grooves, may have a reduced turbine

torque and the same may be true for the porous wall bearing.

4. A study should be undertaken to establish the operating 3pecifications for

the bearing, i.e., specifications for steady _cceleration, dynamic accelera-

tion, frequency spectrum, impulse loading, allowable turbine torque, etc.
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AJPPENDIXA

General Equations

A. Journal Bearing

. ---'--U, ---_x
1 h.
I

'_" Fig. I

If fluid film inertia is neglected and if the _las film is considered so

thin that pressure, density and viscoslcv may be considered constant across

the fil_nand velocity gradients across the film much greater r.hangradients

alon 8 the f1.1_,Navler-Stokes equations reduce to:

#

where _ and _v are the velocities in the x- an_ z-dlrecclon, /4_ is the

viscosltv and P £s the pressure. Integratin_ twice _aklng use of Fig. ib:

: + _U_

Hence the mass flow per inch becomes:

i .e
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These equatlons are used to establish the flow balance [or an infinitesimal

prism _'dX'_z where exter_al gas feeding is introduced as the mass fiow

I_ over the area A . Hen-_,,we Rr,"

iqtroducing eq. (A.3)-(A.4) we obtaill R_yn_ids equation"

This equatioz_ is made dimensionless by setting:

x z

Assuming isothermal conditLons such that /_ is constant and _=_

eq. (5) becomes upon neg]eeting '.'hebar notation:
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Sin_,r 0 _ _ --_ , w.her_ _ may vary witt - time we can write:

A
Rents, if _r refers to the time deri,a_ciw, only, Reynolds equation becomes-

For tt_ehydrostatic bearing there is no journal rotatlon. However, the

!ourna! center may st!l! hmve .,_otionmr,d ass,a__ing,_hi_motion to be period] _

with frequency LO eq. _:A.12)becomes:

_ ?_P'

which is the general Reynolds equar.ion for ire hydrostaLJc journal bearing.

For steady state operation it reduce_ Lo:

- _t?z

B. Thrust Bearln_

---"L4 -_0

A
i

Fi_. 2
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Under the previous assumptions Navier-_tokes equations reduce to.

_ :± 0_P
az= /u _r

where _4 and %" are the velocities in the radial and tangential direction.

The mass flow per inch becomes:

c_.15) Q: -_,?
3

A mass flow balance gives:

drde + rdedr + _ rdodr -_ rdodrat "-"

where M is the external 8as feeding aver the area A Introducing eq. (A.!5)-

(A.i6) we obtain Reynolds equation in polar coordinates:

r_O Ll_/_ ra6

In thzs equatio'a the local film thickness ._ charges with time not only due to

a normal velocity difference between the two plates but also by the rotation

of the upper plate in Fig. 2b. For this reason Reynolds equation is normally

given in coordinates stationary with respect to the lower plate. Thus the

new O-coordinate becov._s:

Ul,

Therefore :
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Dropping the bar notation eq. (A.17) becomes

-..._ ,

To make dimensionless set

r

r= R T=wC

= :0

Asst,miDg isothermal conditions and a perfect gas with _=_T and dropping

the bar notation eq. (A.18) becomes:

_2

where the dimensionless par,nmeters are defined in eq. (A.7)-(A.II). For the

purely hydrostatic bearing there is no rotation. Assuming the upper plate

to have motion with frequency O0 eq. (A.ig) reduces to:

_,3aP_ ,:)(P_O T_,_

For steady state operation eq. (A.20) becomes:

C. External Gas Feedina

In the above equations the external gas feeding is introduced directly

into the Reynolds equation. In general gas is only fed to the bearing at

discrete point_, llence, it is frequently convenient to solve Re_:elds equation
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without feeding aDcl intrGduce the feeding through the boundary conditi3ns as

will be show:_ in later appendices. In accor4ance with eq. (A.II) we define

the dimensionless mass flow from the external feeding as

Mf_

where M is the mass flow, Ibs.sec2/in; ¢_ is a flow coefficient; _T¢;_ is the

restrictor area, _ is the supply pressure and _Tis the g,ls constant, total

temperature, in2/sec z. The dime_isionless mass flow _ is in general a function

of the downstream pressure P: from the feedlng hole, _.e.

In the present analysis two kinds of feeding restrictors are used: the

orifice restricted and the millipor£ restricted feeding.

I. Orifice Re_ triction

The mass flow through a,l orifice with radius _ is given by:

d
M - v_a_v_?_-I !-

Settingthe orifice coefficient _-'_ the dimensionless mass flow becomes:

where _( is the adiabatic gas exponert _ is the ven_ contract.a coefficient

and _ is the adiabatic efficiency. For later use:

1
_,._) _' _ :vo_---_(_'I _-J
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Eq. (A.22) and (A.23) apply t:_the unchoked orifice. When the orifice zs

choked, i.e,

K

then eq. (A.22) and (A.23) become:

!

(A.25) b_ : W K_} (K*i_"_'

_______ av

Because of the discontinuity in the above equations at the critical pressure

ratio, it is sometimes convenient to replace the exact orifice equation by

an approximate expression. This can be done by setting:

,_Fa'

So that

'(A.27) m,,V I-

(A 28) _'= _ " -P;- _- _v'-P/

2. Mil.lipor_. Re._trictior.

The millipore restrictor I_ a filter consisting of 5 layers: 2 screens_

2 cement w_fer._ ard a memtr._,ncf[l_er. No theoretlcal expression is available

for the flow through this filter and xnstead the following empirical formula

is used :

'[( .o] lv_-  llv-P,+B)(A.29) _1 "- VRT T -- V-P_*_,

where the coefflcients _iC and D E,redetermined exl)erimenta]ly.

I

I
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In dimenslonlp__s form:

'[c ',(,.3_I_ = "V P. Pi"])] [¥-P,)(V-P;-B)

. _] Iv-P;,!v-P,.8,:-[cP,.p...D][,.+

3, _Or.ilx,ceilestr,iction with Inheren,t_cnpeusation

If the diameter d_ of the feeding hole from the orifice to the bearing

is small, the annular restrlctor area between the Journal and the =im of the

fee_ing hole becomes important.

For two orifices in series the mass flow equation becomes:

: where A, is the area of the first orifice, A_ of the second orifice, _ is

the adiabatlc efficiency, _ _; _h_ pressure before the first orifice,

_ is the pressure between ths orifices and _ i_ ths pressure after the

second ocifice,

When is known thi_ equation may be solved numerically t J 8ive

_= A,_ as a function of , If the orifice radius is 1 , the f_eding

hole di_tez is _ and the film thickness is _ we Set:

where V is _he vsna co_tracta coefficient. Since V is a function of the

orifice pressure ratio and h varies around the ctrctmference in the Journal

bearin s an exact solution is cumbersome lend an approximate expression Is more

convenlenc. If it i_ ststmed that _ does not vary too much (i.e., for small
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eccentricity" ratios in the journal bearing. _ and if o4= _ may be considered

the sa_e for the two restrictors we get:

a"
(A.33) g =

where C is the radial clearance. Then a reasonable appro×imatior: te eq. (6.32)

1. S"

I where _ depends on d
i

Wl,en _ is aumall the bearing is predominantly orifice restricted whereas a

5._rge _ indicates a predominant]y inherent compensated bea_ing.
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APPENDIX B

The Static Load Carrying Caoacity of H_drostatic Bearings

With Orifice Restricted Line Feedin_

Frequently the number of orifices in a feeding plane is sufficiently large

to permit representing the orifices by a lint feed. This considerably simplifies

the analysis, sir.ce the gas feeJing does not enter Reynold_ equation directly

but instead becomes one of the boundary conditions.

h. Journal Bearin_

Fig. 3

t
The journal bearing is fed from two feeding pla_, each with _ N

equidistant orifice restricted feeding holes around the circumlerence. The

supp!v pressare is _ , the downstream orifice pressure is
and the

ambient _ressure at the ends _f the bearing is _ The di_enslonless axial

coordinate is _ d_fi_ed as _= _ in Appendix; A, a_d the circumferential
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coordinate i_ _) . The ga film betwec_ and outside the feeding planes is

described by Reynolds equatlor which in dimensionless form is (see eq. A 14):

where P is the dimensionless pressure with respect to ambient pressure and

h--J,fcose i_ the dimensionfc-_,,- film thickness. To solve the equation

set- "

P: _ h�Ô�-,-E'P,* ....
(B.2)

_: p_-,-_'_pop,* ....

Substituting (-q. (B.2) into eq_ (B.]) axed setting the coefficients to £_f,£_--

equal to zero vie!ds an infinite number of equations of which the first two

become :
z 2

_e' +0 c- 0
,J

(:]_._) _'(P°P')+ fi_(P'P'):0
Oe' c')__

Thus the analvsi,_ is limited to small va]ues of 6 • Since _ is the pressure

when the joucnal is concentric in the bearing, P0 is independent of _9 and

eq. (B.3) gives:

where

A
• ,b

see _i_.
L,

,:,.8_ ")7= D-

and _ will be determlned late_.
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Eq. (B.5) satisf1(s the bour,dar,. condition ol ambient pcessure at the end of

the bearing, i._..,whet, P--I At r.htfe,.di,:gplane ( _--O / _'- _ ) the

flow e._terir,g the bearing from ;he orifices must equal the flow into the

hearing film. The orifice flow per inch circumference is 2_TR whereas

the flow into the film J_ give_ by eq. (A.4). Equating the two flows:

-_ °PI NM

Mak_ thi_ _'ql:.tion dimensiorless as defined ir Appendix A:

L-a-_ + -- ' = V_

where -_L.t ,V and _ are defined i-, eq. (A.8), (A.9) and (A.I/). Expand r_

in a Taylor series around the operatir_g point for concentric journal:

Substitute eq. (8.2) into the equatio_,s and collect coefficlents according to

powers of _ :

• . _, i, -- "_cosoA,V_o At _,o
where

mo= afZ;)i.
" '_ V'I V

Ir, troducing eq. (B.5)-(B.b) inre eq. (B.lt) gives

i
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5q. (P..12; scrvec as a boundar, condi[ion to (q. (B.4;. Th_ rem=_,,ing

boundary condltzons are:

P,(e,_/- P,(_+_',,,_/

P, - o

Setting

I 1

and _ubstituting into eq. (B.4) gives"

_[_ -H :0

%lith the aolution:

o=-<_-[ H: C,s_if-;/

where C, and d 2 at- integratior con._tants to b, determined from the

boundar;' conditions.

Se_t_.nZ _[_o : '_1[""/ and u_{r,z eq. (B.lZ) yields"

Tl.c load carr_'k_'K capacity i._ giver, by:
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' _ _,,_ded_'o

Substituting tot P from eq. (b.2_ g;.ves

The integral ira eq. (B.17) may be _,olved b_" _ht substitd_:ion:

so that

J.

_he l"e :

(' "d
Jo

( .;. 20) 2 (" ,,_

er/ix') -- _- 10e'" dt

V(_) is rabulared in Jahnke and Emd(: Tabl_- o{ Functions. However, i_ most

case_ it is mo_-c convet.ient to f-vatuate rhe integtsls b,: .,,u.'_erical integration.

Sine,. the ,xi,_l flo_ ptr inc_. c_rcumf,,r_nce is given by eq. (_.4_ _bc total

flo_ frcn_, hot}, endg of the beari_.g i_ gi.,en by'

Sub_titu_ir.t¢ ,__imensio_less tgpre.'-sior, s fresh Appe_.di_ A and making ,_seof
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eq. (B.2),(B.5) and (B.15) gives:

Hence _ ms-, be denoted the dimensionless bearlng fl_. To d._termine _ use

is m_de of ee, (B.13). This shall be illustrated for the case of the orifice

bearing. The solution for the millipore bearing is analogous.

For the orifice bearing P_'o is _iven by eq. (A._/ and (A.2_'_s

- -_,___2 _-, (_1 ..
- kV/ -

(B.22)
K

_(-_)_r___, ,,'_r_l_-- - Yk',l \k'*l/

,p

From eq. (B.5) or (B.6) we get at _=0 :

i.e

(B.23'_ _ -_J
Thu_ eq. (B.13) becks:

V

This relationship may be she_,n 8_.vhlcally:

fr,

___.
J. /z_., (_t _-- I,_I
v _,_'_/ _V/
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Hence eq. (B.24) can be solved graphically or by iteration'; when using a

compueer.

If the ,_pprozt1_ste orifice formula is used(eq. (A.27)) a closed form solution

can be obtained =s follo_s:

ST

and from eq. (A.28):

for use in the calculation of the load.

When the feeding hole dtm_ter is 8mall, we mmy use the approximate eq. (A.34)

to estimate the effect of inherent compensation. Substlcutlng eq, (A.34) into

eq. (B.9), then eq. (B.II) and (B.12) becomes:

(._' ._I .,t v'-

vh_'e

Hence w_,en inherent cowqpensation is tu_t_ortdnt, i.e, d>._-._ , the Journal

besrtug load becomes :

(s.27) .=
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J_t

where J_t is as previously defined.

B. Single Act£n&, Thrust Bearing ._._w__

qr.j

Fl_..,,5

The thrust bearing crn_sists of an annular fiat plate with inner and outer radius

•_3. and _t It ia fed through U orlfice restricted feeding holes located

st radius _¢

For static load and uniform film thlckness the dlmenslonless ReFnolds equatio,._

on both side of the _oedtng plane is obtalned from eq. (&.21):

_ere the second term is sero due to axial sy_etry. R@nce the aolutlon for

the di_se_sionless pressure b@com_s:

P_- l+L, Inr
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wbere C,, is an integration constant, introducing the dimensionless bearing

d imens tons •

L
(B.30) _ : Rc

&
(B.31) _ = _z

(B.32) _- t._

CI can be evaluated to give the dimensionless pressure:

,- J+q,.

_'rL-! p_=I + rSqTIn(_,rjc's.34)_-

where _" is the radius made d£_ensioniess by dividing by _c _T is

determined by equating the orifice and the bearing flow analogous to the

analysis for the journal bearing. Thus:

c_rI._, :, : P.h' V._

Inserting eq, (B._3) wp g_t:

(B.35) _T_ JLTV_
where

• : h_(I+_)

To det_._ine _r substitute eq. (B.33) into eq. (B.35), setting r'=l :

V I

(B.37) At.in./I (-_,)z - V--_] : rq

This equation is analogous to eq. (]_.24) and is solved in the sm. way. If

the approximate orifice formvla (eq. ¢A.27)) is used we get:
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The load is found by integrating the pressure"

. Zr, ..,,.I

i.e.

The t_o integrals may be solved in closed form by the substitutions:

t ,2= (Ir_ *Inr

to get :

_here er_(,_) a,-_ _'(x) are aefined in eq. (B.20). Frequently, it is

more convenient to evaluate the integrals in eq. (B.39) by numerical inte.-

gration. The total mass flow from the thrust bearing is determined by:
zTr

or

12/_RT

,Jo that _r denotes the dimensionless flow.

If inherent compensation is iu_ortant J_T should be divided by

where 6: _-" , see. eq. (A.34) .
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C. Doable ActinR Thrust Bearin_

The double acting thrust bearing consists of two thrust bearings as shown

on Fig. 5. one bearing at each end o[ the cylinder. From eq. (B.29) Reynolds

equat !on is:

• rOr rh_• 2_ =0

In the center position of the cylinder the cleara,lce in both bearings is C

If the cyil.nder is displaced a small distance E C the dimensionless film

thickness in the bearings becomes _=I +-E Limiting the analysis to _<I

we may express the pressure as:

P= Po*E:_

(B.43) P:= Po'+-Z£PoP,

Substituting eq. (B.43) into eq. (B.42) and collecting terms _,ccordlng to

p_,wers of _ we get:

T3r r_} :O
(B.44)

-'-ir _r ar

wi=h the solutions (see eg. (B.B3)-(B.34)):

(B.45) I_-r -__7 P°Z=I+_ rln(r_)

(B._,6)_,- - .o'

(B.47) I /=-r -_ o/ POE-- C, _11(_)

(B.48) i _-r_ I _ P,-/_C,l.(l_r)
where E t is an integration constant. By and C e are determined by

equating the orifice flow with the flow -brough the bearing:

C3F':(_l,_)3[ at" aP _ NM
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Substituting fro_. eq. (_.._,3) and u_ing eq. (A.8), (A.9) and (A.11), we get'

Inserting eq. (B.45)-(B,48) we get:

{B.49} _Y = -m-TVFVto

I_ is defined in eq. (E.36) b/ _etting _=C Thus

in total :

3- - "- , j t_(_)(B.52)

The combined load for the double actir,g h_arinF is:

W= P.._',.'I _[P(-E_--P/*_}]d_d_o

Or

'I

The two /ntegral_ o_ the right kand ._idemay be ev_ _ated bv meant oi the

qubst i £u_ions :
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to get:

thrust bearing is given by eq. (B.41).

If inherent coT_pensation is important we may use the approximate equation (_.34)

to get

where _i:o is given by eq. (B.53) and
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Append_.x C

Static Load Carr_Jin$ C_pacit_! of Hydrostatic Journal Bearing

with Orifice Source Feeding

The dimensionless steady stele Reynolds equation with feeding is derived

in Eq. (14), Appendix A. in this derivation it it; assumed that the gas feeding

tekes place over a finite area A. However, the present analysis assumes that

the orifice is represeuted by _ point source. Hence, the feeding term is

replaced by the nource srrmngth C, and Eq. (A.14) becomes:

N

° z,
_here

_(K) -- the Dirlc delta £,_nction,

= the _ - coordinate of the point sources,

= the Ingular position of the j_._
source,

= the number of sources on each side of the _ - origin

(See Figure 6 below),

C_ strength j_h_ point source.
the of the

The solution of the probl_m is then that of finding _ Green's function for

the equation

subject to certain boundary conditions

l

Figure 6
i
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Since the orifices are assumed uniformly spaced wtt_, respect to O: then

Moreover, since theproblem is symmetric in 4 , we need consider only that

_or_ionofthebearin__or_ 0_-4-<_ Fi_uro+ +h_stheWearing
unfolded and the boundary conditions.

gA

c L _AE OF 04_IFpcf C_N_rE_5
!

t_
zll 6

We note that I = i + 6 cos 8. if we expand p and C. in perturbation
J

series in powers of 6 and retain only first -'egree terms, we have

¢i C/')+ £ C_'
Substitution of Eq. (C.2) in (C.I), retaining a_ain only terms of first

degree in yields

I+ (o) /

- -+(t.Zo)Z £
'+l

as the equ'Atlon of ze&oth degree in _. Since this corresponds to the s_tric

case, we note that sit values ot Cj (°) are identical (It(0)) for a uniform

source pressure; therefore, we need only consider the sector
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-<e _- __

and the above equatiov reduces to

_ith the boundary conditions

The first degree terms in _ yield the equtt£on

The boundary condltion_ on poPl (mnd U1, U2, U3) are:

It.41) !

,',>.I...:t>.l>.L...
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Solution of the Zeroth be_ree Equation

We wr_te (C.3a) as

2
¢C..5) _Po = I + Uo.

We then have the_uation

cc._) _ u°• -cL'__(_-_,)_(o-_,),
wil_h the boundary conditions as in Eq. (C.3b), except that At _ _ L/D,

U =0. Eq. (C.6) is then the equation for a Green's function:
o

It _s found by separation of variables in a direct product function _7_ce

(See leference 3.)

We write U as a Fourier series:
o

_ (L,) LJo(tel_ ._._ '__._ ,:2....

Eq. (C.7) satisfles the Boundary conditions in the e direction. We now

multiply Eq. (C.6) by cos_ and ineesrate with res_ct to @ ir_

to _ The result i

dl
(c.e) _,_1" " C"_ _(_-L) , _-_,

d( 1
t_t IIX).,,

1965012960-057



-52-

The _otutlons t¢ both, (C.E, ar.d (C.9_ mu_t obey tht remaini_,_ ;oundary

conditions, re.st .'._e c:.;ntin-lot,s acr_.4_ _=_0 , a_cJ must ha-st, _-,t. proper

tn their first derivattve at tha: point. The _olutio: o2 tile _omogeneous part

- _

and

,, = C (°)
0

g> = =._i=_ ,,f {_ "L,_ ).

then we obt;in

The solution of the homogeneo..t: part ot ((:.9) is g_ve:, by hyperbolic

functions. To satisfy, tL,. r,,-,:nd_rv cnnd[rtno_, c,ir sO It:tic:_ (coptinuoLts :it

_- _,, ) is gi,,et, b,.

The constant An is chose(. ,:(., _a_ts_v ch_ Jump co_dL_i(,:- mcross _'_0:
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An = 'nN :_A/nNL!b) '

----- , . Hence A is
i rl

independent of j, and is _iven by

Thus,

_',_ - nN urea (ntqL 19) > n: l>_.j.,.

The solution for U is th_n

/C.II) LIo(t,,O;t..): [_.tD'_'>) + ("I)'_ m _ J.i_., (,_.ID)-"(-__>)
2

and Pc is obtained by adding I to Eq. (C.1).

The method for determining C (°) will be described later.

Solution of the First Degree Equai'io::s

To obtain the functions UI, U2, and U 3 whose sum.is the solution of

Eq. (C.4a), we must first obtain the Green's function G(_i_;_,_) for the Laplacean

with boundary conditions (C.4b). From the £act that

2.

c<::.,_,) v_,oc_(_,o;_,,+) :- s(_-_>) f(o- '_)>
(where the subscripts ur_ the Laplacear. operator i:dicate the variables

with respect to which we differentiate), we find tha_;
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Moreover, since U 2 and U3 are also Green's functions satisfying the same

boundary conditions as G, we may obtain U._ and U3 by a comparatively simple

modification of G.

To obtain G, then, we follow the same procedure as in the solution for

2

Po ' expanding this time in Fourier series in integers. Thus,

_r =_,,(nL/b) Jj _,

where

y = max (_,/_),

x= .*n<_,,_,>,

If we exclude the source points we may show uniform convergence of both

2

the series Po and its term-by-term derivative with respect to 9. Therefore,

from Eqs. _C.II), (C.13), and (C.14)

sNC(o)fU_ rzv i L

{" },,,,, =,_,(-,_L/_) _ _'ol_ d

where

_= ,','-',c,to,I} >-

w
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(NOT.._E:Ultakes on a slightly different form in the case N = i (i.e., a single

I orifice). The analysis given h=rein incl_,des this case, but the computer programassumes N > 1.)

Integration of the above gives

_NC_'_®..,_[_.o [_ __.J_-_ _-,_,,,_,_;_-_!-_-_.ll
_c.,s)u,c_,O;_o_:_, #_-,_i_.,_L _'- -,=, coct_{,<,,,LII_) - (._A {_N'L/D) ]

(For the special case N = i,

._C(*)f

- _(_L_) ")
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where

_m = mN-I

Dm = mN+l

As noted above, the function U2 Iv also a Green's function satisfying the

same boundary conditions as G, but _ith a different jump in the first derivative:

" 'I},,.I n u_(.Ull)) --

(For the special case N-I, where _ = "_ , we obtain

We note that #. = (2J-l)_T/N. Interchanging the order of summation, we make
J

use of the orthogonality of trigonometric functions under summation to obtain

(c.17a) _. _ = O_

N - (-I) m_ n= _nl_±l

1Q_Knloa_n n=o
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He[Ice

,,,,,o,- )_[41; m---'l _m _ ('_,_'L/D)

+
_,__(13,,,,L/b) J

Combination of Eqs. (C.IS) and (C.18) results in

In a similar fashion we may write

<c.,o)U3(%e;_o,I. z.,-9,--<tL"Zt_-",',}_ - in t.._i'riLID ) .J"I

(For the special case N=I, Eq. (C.20) becomes

The solution for poPl is given by the sum of UI, U2, and U3, i.e., by

the sum of Eqs. (C.19) and (C.20).

This result depends on the symmetric source strength C (°) and the

perturbed source strengths C. (I) (j=I,2...,N). In the next section we describe
J

the procedure for their calculation.
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Calculations of Source StrenKths from the Equatio_.s of Mass Flow

From Eqs. (A.3) and (A.4), we may cbtain the mass flow at the jt_hhsource

as

where

_[ ]d_ denotss the line integral about the jth source,
_--- = the outward normal derivative.

If we use the pertuzbation series in Eq. (C.21), we obtain, at the jth
orifice

From gq. (A.22), we obtain the mass flow at the jth orifice to be

Expanding Eq. (C 22) in a Taylor's series about P=Po and retaining only

the first two terms yields

M = M(Po)+ (P'Po) _p IP=Po

But,

P-Po=£Pl ;

Therefore,

(C.23) M= M(Po) + _pI _Pl "P=Po
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We note that Eq. (C.23) holds at the jth orifice. Equating the coefficients

like powers of c in Eqs. (C.21b) and (C,23) at the jth orlfice gives

l
[+

where M(p o) and M _(po) are obtained from Eq. (C.22).

Consider first the integral on the right hand side of Eq. (C.24a).

By Green's theorem and Eq. (C.3a),

<:,:.::+) _(.p+)d,,-- v"Cp+_)d_,+p,.- .

Applying Green's theorem and Eq. (C.4a) to the integral in Eq. (C.24b)

we find

We now define the following quantities:

x" eo/V,

<_":';') _ t." __"tv"a" e_, N/ I___,

To solve for C (°), we consider Eq. (C.24a). Using Eqs. (C.22), (C.25), and

(C.27), Eq. (C.24a) beeches

,o2,,> v,++,,+.+[+'].
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At the Jth orifice, g=(2j-I)IT/N. Substituting thi3 value in gq.

(C.II), we have

i at the orifice weTo represent So
choose

I

(In Appendix D, a tranaformation is made in the series So to obtain quicker

convergence.) Hence, at the jth orifice we have

do)e:-, Vz[_,_'-]
Eq. (8.28) becomes

_c.z_) .a._f(_)= 4-% _ .
The above equation has one and only one root for positive x __ i.

,
Calling this root x , we then obtain

The root x* also defines the value of q(x) and _x) to be used

subsequently.

(l) From Eq. (C.22),
We next solve for Cj .

I

<c.3o) M0 " M. LP/V,
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where

_x,) k x," _(_)'_[1'(_,i_''__] •

We multiply and divide the left hand side of (C.24b) by (Po)j, and use Eqs.

(C.27) and (C.30) to obtain

V x'

Claaring of fractions gives

The above _quation is a linear system wherein the unknowns are the

(1) Therefore, it can be put in the equivalent _orm
source strengths Cj .

where

[A] iS a matrix o_ order N x N whose elements are Ajk,

_(I) iS a column vector whose N elements are the unknowns Cj (1) ,

B is a column vector containing N elements.

' In the followins, it is assumed that all expressions are evaluated first
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We recall first theft

_oPl - U1 + U2 + U3.

Moreover, at the Jth orifice, the angular cvordinace iP given by

(2j-l) _r/N.

From Eq. (ClI9), at the jth orifice

(C.33a) (UI + U2)j = (_l)j, J = 1,2,...,N

where

(SI)j is the right hand side of (C.19) with 0 _ (2j-I)TP/N.

Also, from Eq. (C._.O), at the jth orifice

(6.33b) (U3)J " C k 'l_k .) j,, t,t,,..j_,

where

n ..... L/O).., c_,_(n •

(This series is also put into more easily calculable form by the transforma-

tion described in Appendix D.) Therefore, the elements of the matrix [A] and

the vector _ of Eq. (C.31) are given by

I . - _Fsv"_"l_
Aik r¢k_ 9k Akj,

(C.34)

-here (0 ,j,ik

The C(1) vector is then found by inverting [ A] and _ltiplyin 8 I by [A ] -1.
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Appendix D

Reformulation of an Infinite Series Encountered in the

Analysis Performed in Appendix C

Several expressions in the previous Appendix (e.g., Zqs. (C.II), (C.20))

involve infinite series containing several parameters, of the form

whe :e

_>y>x > 0.

The series is absolutely convergent.

We make the following substitutions:

el,=_+#

_z = _-_

(D.2) _ = _-X

(I"= _+_

after which Eq. (D.I) becomes

noting that

2R >O"> _' _O.

We represent a typical part of the series as

n-, n c_nR
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where

2R >%>0.

_hen, writing the trigonometric and hyperbolic functions as sums of exponentials,

we have

7"= _ .:, n (! + e'',''_) e. - j.
But,

,_,+e'*"R)"=7-.(-_)ke (_R>o);k=o
hence,

7'[ L +__= I I<=0

Interchanging the order of summation yields

k,,O

Since

-6- - - (i =-.] Citl'/. i _'- ;)

we then have

k"o

which is still abso]ately convergent. We now convert t_e expressions within the

curly brackets back to trigonometric and h>perbolic functions:
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Finally,

Eq. (D.6) is then substituted in Eq. (D.3), for _=_" , _= _, _-_, _= _2.

The computational advantages of the new form Eq. (D.6) are as follows:

i) In the initial formulation Eq. (D.I), lwh trigonometric and three

hyperbolic functions are required for each value of the s_at_on

index n. Even if these are calculated from recurrence formulas,

the form (D.6) is more efficient, since after an initial calcula-

tion of entry values, only two hyperbolic functions are necessary

at each step.

2) The new formulation is alternating, and the rate of convergence can be

increased by means of Euler's method.
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APPENDIX E

Static Load Carrying Capacity of Hydrostatic Thrust Bearing with

Orifice Source Feeding

Rtynolds equation for the hydrostatic annular thrust bearing with feeding

is given in eq. (A.21). If the feeding is reprezented by a point source instead

of a flow over a finite _rea, eq. (A.21) reduces to Laplaces equation with

singularities at the orifices. Assuming that the orifice may be described by

a simple source (a logarithmic singularity) use can be made of the methods of

conformal mapping. (See f. inst. Ref. 4 and 5) Thus in the present ease it i_

most convenient first to consider a rectangular pad with a source in the center_

ambient pressure at two sides and no flow from the other two sides. This pad is

equivalent to a radial sector of the annular thrust bearing.
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The boundary condition of zero flow at _ =* _- z i{ satisfied if we along the

y-axis take a infinite number of equidistant sources of equal strength. Similarly

we nee_ an infinite number of alternating sources nnd sinks in the x-direction

to satisfy the ambient pressure condition. Such an array is represented by

p, { 7(E.1) = I+ i_e-C ..._('-i..l,,..

wb{re P is the dimensionless pressure (with respect to ambient), _ is the

source strength, _ = _ _ is the length of the rectangle in the x-direction,#

is the length in the y-direction, kn is a constant and Z=_(_+i_l .

Taking the real part as indicated gives:

_,.., cosh/r[,{z.+l)-i

which satisfies the boundary conditions:

X=±_ " : P_l

From eq. (E.2) we get:

I si,i.,?;r{_.,',D(E.3) D(#_= -TrC (-i)_'_?_{l+_U-cos{z_!)tl=.lIQ

To determine the source strength C the bearing flow must be equated to the

orifice mass flow M :

(E.4) ivl - 24pRr _ds

where _ _5 is a closed line integral around _he source and _ is
the outward

directed normal.

Using the boundarieN of the rectangle as the integration path, where _'=0

along _ _ _ _ eq. (E.4) reduces to:
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"2 _= 2

Introducing eq. (E.3) gives:

• 12/.,_T

Substituting the dimensionless mass flow _ from eq. (A.II) and the feeding

parameter _ from eq. (A.8) (setting _=C(I_E) ) gives:

CN(I+_)_
(E.6) _J[tV = D9

This equation may be solved graphically or numerically as shown in Appendix B,

Fig'.4, where C , is known as a function of the downstream orifice pressure

This relationship is calculated from eq. (E.2) based on a known feeding hole

diameter (i.e. known values of x and y).

The rectangular pad is transformed into the radial sector shown in Fig. 8b

by the transformation:

(F,.7) _'=_(×+i_) = _ I. (re':)
Le.

__ ixl
(E.8) (& - _'_' [nr

(E.9) _= "_O

where a is the number of orifices, t" is the dimensionless radius wiuh

respect to the orifice circle radius R c and _) is the angular coordinate.

Substituting eq. (E.8) and (E.9) into eq. (E.2) gives:

(E.tO) }-- ½C. (-I)" In[ cosh(N(,,_)%(_.))

where C still is given by eq. (E.5) or (E.6). Thus C is determined as the

intersection between the orifice flow curve and the C V& ('_') relationship
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determined from eq. (E.10) for a given feeding hole diameter

It should be noted that since th= isobars are not ci_cles this relationship

is determined by taking the average pressure along the rim of the feeding hole.

However, this is not a serious assumption since the isobars tend to circle in

the limit of approaching the singularity. The load carrying capacity is cal-

culated by integrating the pressure:
R,

= r(P-i)drde

Since the orifice was located in the center of the rectangular pad, the trans-

formation given by eq. (E.7) results in:

(E. 12) R¢=_

i.e., the analysis is only valid for this particular value of _¢ . Hence

eq. (E.II) becomes:

= --- 1 _.(P-,)o(rae(E.13) _R, _ _ "_" R, o J

where P is given by eq. (E.10). The integration is performed numerically.

Rearranging eq. (E.IO) we get:

I,osh(N(.,-)-_Nol_\,,,",[(,_(,,Nl.(..-Z(_(,Nl.(§_)_osh(Nl.r)cosNo+cosl,(Ninr)+(osN,I_

It can be shown that this series is absolute convergent except at the source.

Since the series is alternating, the truncation error after b terms is less

than the absolute value of the (h+1)'&t term. The series converges _:ery fast

so that only the two first terms are necessary for an evaluation.

If the bearing has a circular recess around the orifice with depth _r and

radius Rr eq. (E.IO) and (E.14) still describes the pressure outside the
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recess. Inside the recess the pressure becomes:

(_.lS) _ = I* C2- 2_1--$---_] cosh(u(.+l)l.(kl)-I

where C z is determined from the condition that P=_ along the circumference

of the recess. This solution is only approximate since the isobars are not

exactly circular. _ average value is used.

When the orifices are not located as given by eq. (E.12) the _ove analysis

is no longer valid. Instead we may use the method developed in _pendix C.

Let us again start with a rectangular pad where the location of the orifice in

this case is not restricted to the center of the pad.
X

I

b

_Id 1

FiK. 9

If the gas feeding is represented by a point source of strength _ it can be

written C'_(X-_)'_(_) where _ is the Dirac delta function. Thus

Reynolds equation, eq. (A.14) becomes, in dimensionless form:

(E.16) _'_ "4" rjfz _

where :
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The boundary conditions for eq. (E.i6) are:

(E.18) _=_:_ " d_O

(E.19) _=0 ..__=?_f- P':j

To make the boundary conditions homogenous set:

(E.2o> I+U(L_)

and express _] in a Fourier expansion:

where the coefficients _.{_) are determined by the inverse
Fourier transform:

Substituting eq. (E.20) into eq. (E.16) glves:

aa'---v_'+ a:_v__,,= -c d'C[-_r¢)._(cp)

Then

)I_
J-ll

The left hand side may be evaluated by:

IIF 'J::f? ,t"
making use of eq. (E.18). Therefore eq. (E.23) becomes:

c_._ _ -.'_.=-cJ(_-_,_)
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Integrat ing:

(E.251 d_ -_"

The general solution of eq. (E.24) is:

(E.26)

Introducing the boundary conditions eq. (E.18) and (E.19) together with eq. (E.20)

and using eq. (E.25) yields the values of the coefficients A. and _. .

Substituting into eq. (E.21) and (E.20) gives:

To find the flow we must take the derivative of the above equations:

The mass flow M is given by eq. (E.4). Let the integration path be around

the boundaries of the rectangle so that:

Thus :
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Analogous to eq. (E.6) we get:

C N (I+£:) 3

(_.3o) _tr AtV = rn

The transformation from rectangular to polar coordlnates is:

t',l'l.We
(.¢.

(E.32) _'--" _,]'t#lr"

(E. 33) f -"N 19

where r' is the dlmensionles_ radius with respect to the inner radius _2

Therefore

Substituting eq. (E.32)-(E.35) into eq. (E.27)-(E.28) and introducing the

previous nomenclature

R,

yie Ida:

(E.37) I_ r' _;_ I+p I.r' + .J-si,k(.Nc.3/) si.h(.All.r') cos(,_Ne_m:l

h(E.38) _=r'=_,y P':I+ r z I*p ,,,, .

The load is determined by eq. (E.II) and is evaluated numerica[I/.

Since it is more convenient to have the above series in the same general

form as the series in eq. (E.14), eq. (E.37)-(I_.38) shal_ be rearranged. _he_e

series have the form:
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_s 5;_,hf.,z)srnh(nc)cosfnd)(_..39) T = _" s_',_¢,bi
h:|

Rewrite to get:

From ',.heblnomial expansion:

(I-x)"-- _ x'< I_'l,_i

i we get(_..4_) (I-_':")-':Z e"" b>0
' _lrO

J
[ Substitutingeq. (E.41) into eq. (E.40) and interchange order o£ summation gives:

/ _ _. r -.e_l,+l>-,-t-tll..,,(_l>+i-,-,+i_l -,(m,i+a_-tdl -,_z_<-i_i_+rl)T-"(E.42) L.L..'fil_ +e -e -e
lifo Imi

-,,(_ici,i-.,c-t, tl.,.e._(zl_,+l..a._c.td) -.[_i,i,.,,a.c._g -,,(llcl,i.,,,c.,'l) 1-re @e
J

Introduce the expansion:

- -i. (I-x) Ix'!._1
ltll

Since b > a •a,,b _ C are poslt_ve 811 the exponentials in eq. (E.42)

are less than 1. Therefore eq. (E.42) becomes

i
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From the relationships:

cosh(_:+-iff)= (oSh _c"coSt) +-[ slnh×.sim¢

eq. (E.43) reduces to:

Comparing eq. (E.37) and (E.38) with eq. (E.39) we get:

where V is the dimensionless radius with respect to _c whereas _J is

dimensionless with respect to _z i.e, _F . Thus eq. (E.37)-(E.38)

become :

!-_r-Xl PZ:l+_'_?N +41"(_..47)

(E.48) I (ffi t_-_ = ! "t" _N lrl(_-_) -I- 4

where T is d_ermined from eq. (E.44) in combination with eq. (E.4S) and

(E .46).
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APPENDIX F

Effect of Eccentricity Ratio on Lead Carrying Capacity of

Hydrostatic Journal_ Be arin_

The analyses of the hydrostatic journal bearing in Appendix B and C are

limited to small values of the eccentricity ratio and predict a linear relation-

ship between load and eccentricity ratio. The present appendix is conc_rned

with an approximate analysis of the journal bearing where the eccentricity

ratio is not small. If it is assumed that the orifice feeding may be repre-

sented by line feeding as in Appendix B, the Reynolds equation outside the

feeding planes is given by eq. (A.14) without local feeding:

-(F.1) Oe ¢)_ J = 0

where h= I*£Co50 . If it is assumed that the bearing is sh_rt so that

x"
_ >_ _P_' , eq. (F.I) can be approximated by:

with the solution (see Fig. 3, Appendix B, and eq. (B.7) and (B.8)):

(F.3) 0-4_ "-/'._" P'= I+,_(o)'(I- _)
I

(F.4) 0 __' -_ P_: !+ I(8)

where _(_) is a function of O only. A similar approximatio_ _ been employed

successfully for the hydrodynamic bearing, see Ref. 6.

Eq. (F.3) satisfies the boundary condition of ambient pressure at the end of the

bearing, i.e., P=_ for _--_ . At _=0 the bearing flow must equal the

orifice flow as given by eq. (B.9):

1965012960-083



-77-

Substitute eq. (F.3) and (F.A) into eq. (F.5):

If _ is replaced by the approximate orifice flow equation eq. (A.27):

where in the present case _= ;+ ;(e) from eq. (F.3) we get:

or

[ ++v:, ]_'_+ -I * I �-0+_c0so)+-

Theload carrying capacity _/ is found by integrating the pressure:

W'=-4_ _ Pd_+ Pa jc_o_o

Using eq. (F.3) and (F.4) we get:

(F.8) & D(L*L,) : - " -_ tossdo _ h�”�rosedo

The integration is carried out numerically.

The total mass flow is given by:
It

zC_ _ Io_.[,+_.[05_)_(J e
(F.9) ]V_T= I?pR'T
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APPENDIX G

The Dynamic Load Carrying Capacity of the Hydrostatic

Journal Bearing with Orifice Restricted Line Feeding

When the journal performs harmonic vibrations, pressure will be beperated

in the gas film due to t_e compressibility of the gas as indicated in Appendix A.

The present appendix is concerned with an analysis of this dynamic load when the

eccentricity ratio and the vibratio,l amplitude is small.

The gover_ equation is Reynolds equation (A.13) and the bearing configura-

tion is shown in Fig. 3, Appendix B. If it is assumed that the journ31 perform

_,armonic vibrations with frequency CO such that the motion is either purely

tLanslatory or a rotation around a transverse axis, then outside and between

the feeding planes eq. (A.13) becomes:

where 6 is the frequency number:

When the journal performs translatory motion with amplitude _@_C6e:_t_ around

the concentric position the dimensionless film thickness is:

Expanding the presaure in a power series of the an_plitude and assuming E&c

so that only the two first terms are retained, we get:

(G.4) P"P.* E

Also:
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Set:

(G.7) _: W (_) (0,50

and substitu e _q "G.4)-(G.6) into eq. (G,I) to get:

Where bm :0 becA_ o# S_¢fr_

Referring to Fig. 3, Appendix B, the solution of eq. (G.8) is:

(G.lO) 0_-_-_ _: I+_(_+_)

At _= 0 the bearing flow must equal the orifice flow as expressed by

eq. (B.9) :

I.=oInsert eq. (G.4)-(G.7) and expend m as in eq. (B.IO) to get:

(0.13) -- _'I + _I : 1,V,_.

Eq. (G.13) gives:

(G.15) _= ltV_.o

For 0 -z_'-_ eq. (G.9) may be solved since g is constant, see eq. (2.11).

From symmetry d_'l(._0 and therefore the solution of eq. (G.9) is:

r li_g

(G. 16)O&_"_' _, H = [H, + i+-_, j c°sh['("'_P)

id,:',

where H I = H_'-_ and:
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i.e.

Substituting eq. (G•16) and (G.15) into eq. (G.$4) gives:

d_ i6P.;• z e_;JH_

where :

Thus eq. (G.9) should be solved in 04;C_ _ with eq. (G.20) as one boundary

condition and _(_)=0 as the other boundary condition. The solution is

o_tained numerically as shown later, but first the equations for rotational

vibrations will be derived•

When the journal performs rotational motion with the angular displacement

Re{_e _wt} around a transverse axis perpendicular to the journal axis at _'--0

(see Fig. 3, Appendix B) the dimensionless film thickness becomes:

Proceeding as iu the translatory case we get:

(G.23) P:P,,+R%{,,tca"g}

(o.24) P':_2+R,lzw,:_ag}

Set:

(o.2_> PoP,=(_)l-l¢)._oso
so that eq. (G.I) becomes in addition to eq. (G.8):

(G.27) "_a "(l + Pol ....2 _['"1" [6po _'

Since _'_0, _ is given by eq. (C.10) and (G.II). As _ is
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constant for O_I_- _ eq. (G.27) may be solved between the feeding planes.

Fzom symmetry H_'0 =0 so that eq. (G,27) gives:

I
where _ and _ are given by eq. (G.18) and (G.I9). The bounda'ry condition

at _-'0 is given analogous to eq. (G.12) by:

)

Introducing eq. (G.28) we get in addition to eq. (G.13) and (G.15):

(G.3o) _[ _ "_

Hence eq. (G.27) should be solved in 0_ _ where eq. (G.30) serves as

one boundary condition and H(_)--0 as the other condition.

Eq. (G.9) and (G.27) has the general form:

[dP_ "trd..d_tor.

where P0 is given by eq. (G.IO) and H and F are complex:

(G.32} _! = h r+[h_

(G.33) F --#r + (_fi

The boundary conditions are"

(o.34) H({)--O

, aHJ(o.3s) Ho-_ _.o=(x+;l,+(c+,'a)H,
Eq. (G.31) is solved numerically. To get it in finite difference form, i-t_grare

1965012960-088



-82-

twice:

(0.36) H-( I+ p_/H+F_l_)dx+ _H:+Ho

Set:

(G.ST) G= (1+ _)H+F
and integrate the double integral by parts to get:

o

To write this equation in £inite difference form subdivide the interval 0_

in m increments of length A_ =i and integrate by the trapezoid_l rule:

For computer calculations it is convenient to set:

-
Then from eq. (G.39), (G.35), (G.37) and (G.33):

z
(o.4s) p,..- p.,,,.,-+(a_')[ s..-K s,.+."..,1

(G.44) pi. = _i,.-, "I'(L_()'[S,.'I'_ .Sr + _& ]

(0.40) q;.= _._,,.,+(_)' it;. + _. t,,,]

(0.47) S_._ = S_.* p,. + a._(

(0.48) Sty,,= s;, -+p_.+ b-_[

(0.49) t,..,, t,, __,_,+ c.a_
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To initiate calcd_,ations set

(G52) P_o=_(_l_)_t:_.o

(G.55) S_°= Sio-ti°=0

(G,56) t,o- I
Thus the method of calculation is: I) preset _ro;p_01_roj---_r° from eq. (C.51)-

(G.56); 2) set h=0 and calculate eq. (G.47)-(G.S0); 3) increase )] by I

and repeat the cycle eq. (G.42) -(G.50) to rl=h_-i , ,here the boundary

condition eq. (G.34) gives:

or:

Having determined H o we may find _,= _m,'+_h_, from eq. (G.40). The

pressure is calculated from eq. (G.7) and (G.4) or eq. (G.26)and (0.23):

The dynamic load carrying capacity WD and the restoring moment _D are

obtained by integration:

(0.60) tl_ll'_,l_tor_ WD:-Z PIco$o)d _""I" (_'l'C. _ _OaO
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In dimensi_nles Eorm:

' I' Jl
(O.63) p.I).,.(L _)_(-4([+,I)¢o:;o{ b_(_([+, d{ i'S;n_t (_,,/)d[+ _{ =M_(o$((_t-_)M)

The integrals I}_[ are calculated numerically from the above obtained
_O

[]_'•alues of _,, . The integrals d can be evaluated from eq. (G 16_ and

(c-.28) :

"I; I< }' __ Ho-_ (_ .h_&.,@)-h_r.,,l(G.64) tr_,.sI_tory-_- Ha{ =- po+,'6

(o.6_)toUt_o._( _ H_{- Po*(6

where:

• cos_,(Z,_,w)- co_(29_)

(G.69) =

i
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APPENDIX H

The Dynamic, Load Carrying Capacity of the Hydrostatic
Thrust Bearin_ with Orifice Restricted Line Feeding

When one face of the tLrust bearing performs harmonic vibrations, pressure

will be generated in the gas film due to the compressibility of the gas. The

present appendix is concerned with an analysis e F this dynamic load when the

vibration amplitude is small.

Th_ governing equation is Reynolds equation (A.20) and the bearing geometry

is shown in Fig. 5, Appendix B. If it is assumed that the vibrational motion

with frequency _O is either purely translatory or a rotation around a diameter,

then outside the feeding planes eq. (A.20) becomes:

where (_ is the frequency number:

1
and _¢ is the radius of the orifice circle.

Let the vibration be purely translatory with at_plitude R,{Cf e _t} where

C deLtotes the equilibrium film thickness. Then the dimensionless film thick-

ness is:

(H.2) h= I+Re{Ee_'}
Performing a first order pertubation in £ we get:

(_.s) P--Po+_el_e_"P,}
(,.,_ P'"P0'+_4zE_'P.e}
(H.S) h_- I+ 3Ee_r
Set:

(H.6) P¢_= H(t-)
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and substitute eq. (H.2)-(11.6) into eq. (H.I) to get:

(H.7) F ar 0r _ = 0

Since _=0 because of sy_Inetry eq. (H.7) gives:

(It.9) I-Lr-_ Pol= I+ l_z {,(_J

(.. lOt,r_-! P_: i+ fD_ITI,(_r)

where r:l. and _,_ and _ are defined in eq. (B.30)-(B.32). At r:l the

bearing flow must equal the orifice flow:

pZ

(H.11) 0+3_,")(-_l..z_1._)-(,+_)_.v.-:u+#iA.(v..+"':,_'H..,)
where J_r is as defined in eq. (B.36):

(H. 12) J_ll-T = P,C3(I+p)

Hence :

OH.13) o,r= ./LTV._°

_i - _ _+_)(#_,- -rE.,<_<_>_.,..,._.1..,.,: C _": H<)
Thus eq. (H.8) is t_ bc solved with eq, (H,14) as one boundary condition and

(H.ls) H(_)= H(_) =0
as the other bomidary condition. This _ill be done numerically as shown later.

If the vibration is pure rotational with _sular dlsplacer_nt _¢{a _il:l around

a diameter, the dimensionless film thickness becomes:
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A first order pert-bation gives:

CH.19) h_= I+ _ (_')i_rr&;nO

Set:

<.._o) POP,-(_')HI_!s_.o

and substitute eq. (H.16)-(H.20) into _q. (H.I) to get in addition to eq. (Ho7):

'(_.2D F r - p. = - z a-7 + _d_ r

where P0 is given by eq. (H._)-(H.10). At r=l the boundary condition is

given by eq, (H,14) and the other boundary condition is eq. (H.15). Eq, (_o8)

and (I{.21)are solved numerically. They have the general form:

i-_- r -- =(H.22) F gr[ _rH] EH F

where:

(..2s) E=e,+_e_=

(H.24)

(_..2s) H= h_+ihl
The boundary conditions are:

HI_I:H(}):o
dill -- eHI - o,+_ Hi,',.2_) ,_,.,,=,__ .=,.o-

where :

<,.2n _=_(_+/s)_t,.,:.,,..
_H.2s) b=-(I+/_)ze,_
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To get eq. (H.22) into finite difference form, integrate twice:

,,,he=e FI_= _ I,.=, _,d H_ - H,..j . set:

G= EH+F"

and integcate the double integral by parts to get:

/

Set

i

r=l+O

(H.3I) Ho = H_'= _r:a

Then eq. (H.29) by use of eq. (H.26) becomes:

I,l=-r-_ _ H = ln(_) G ax + Inr H_ + Ho(H.32)

(..33> ?'_-r_j H= Lh({)Gax -_-I,_*l._._ +(I-b.l,_)Ho

Subdivide the integration interval in _ increments of length

(H.34) _r = _ • _r-_l

and integrate eq. (H.32)-(H.33) numerically by _he trapezoidal rule to obtain

their finite difference form:

(H.35) l_-r-L_ H.+,= H.+tn_l+..-r J l+.Ar I

(H.36) I-_r_ H.+,=H,+_ntI 81h�h�r/

, ' I-{.+ll_r I+(-a+kto-_H.)I.{ _

I
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To calculate eqo (H.35) on the computer set:

(H.37) H)l= 5rn+[S{n +(_hn+(i_.)Hlo -h_Vrn+ [V[n)Ho

(H.38) Ar[)Go+(l+Ar)G,+....+61+._r)G.]=p_.+_pz,+(g_.+_'It;.}H_+(w..+_w_.)H.

__ • . )](H.39) =.-E.H.+F.=e_.s_.-ei_s_.+_.+de..s_.+e;.s_.+6.)+[e..of_-ei._;_.+t(e..t:.+e_,#.N_
+ [e,,v,,-e,,,v,.,-__(_,.,,v_,,.e;,,v,.,.)]Ho

Therefore :

<.._o Po,,: VI+_.,.L°/,+,.,,,,.)

(".4l) P-r.: 0 ( "_)" I'l ' ' (I.'_0 i'_ ) (_+-_r) I_ (Irot,t (Ot'll, [ )

<.._> _°- _°(--"---) I. (--"--)
CT<.._>F,.: o (_,,_) _(,+._(--,,--)

<.._> F_.=6P_.(_,,_) _P_.(J+._)(--,,_)

(H.46) p{. = PI,m-I -l-_r ( l-I-p,Alr)(erl_ S{l_"}"el_.Srh "ILTrih)

(t[. 47) I_rn= (_r,.. + ar (1+ nar)(Cr, it. - et.tl.)

(H.48) Ofi.= °+_,.-,+ Ar (I+ n_r)('er,t_."Fe_.tr.)

(H.49) Wr.: Wr,.-, + & r ( }+lqar)(trnVr" - einV_.)

(H.50) Wih: W{,..,+ar (I+nar)(c_.V{.+ e_.'4.)

(H. 51) _r,_" Srm -F [h ( l+nar / Pr.
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(_.52) si,.+,= %. �I.(!+("*0A_

(H.53) tr,.+,= t_.+_.__ /

(H.54) t{,._, t;. +[.(l+(n+l)_r_

(l

(H. 56) V_,.,, V(, + [I_( l+(n+l)ar'_= l+nar I Wi.

To initiate the calculations we have:

(U.57) Sro = Slo=tr_= t_o= V& = 0

(H.58) V_o- I

.LAr_r °(H.59) pr. = Z

(H.60) p_o=" Z Ar_[io

(H.61) _Lro-'-_[{, :0

(H.62) Wr0-- { ar e_,

(H.63) W_G= _A_C_0

The calculations proceed as follows: i) preset _ro,S;o;_ro,.... 9v_o from eq. (H.57_-

(H.63); 2) set h=0 and calculate eq. (H.51)-(H.56); 3) advance D by 1

and repeat the cycle eq. (H .40)-(H.56) till h:m-_ . The test calculation

results in:

A similar calculation is performed for _ -_r &l from eq. (H.36). !he

previous eq. (H.37)-(H.56) are used by replacing D by -_ and (h+l) _y

I
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"-(_+l) and making the following changes:

(H.43a) _fr -- 0 (tran_l_tor_) -- _'2 __z__i_n&r(rot_tt,o_al)

l-(.+l)=r'_
(H.;la) s,.,.+,=_,-o+t.(i_ I (P_°-=)

_.._ v_,..,-v..+to('-_°'°°'),.o._(w.°-b)
Proceeding as above we get:

(H.65) _'_ H_ = 5_+ _Si_+(_r_'_[_(_)_0 + (Vr_ _V_'_)_0

Solve eq. (H.64) and (H.65) together:

HavingdeterminedH" and Ho , wecancalculate H.-k,-_�_.h_. _rom

eq. (H.37). The pressure is obtained from eq. (H.6) and (H.3) or eq. (H.20)

and (H.17) :

(]1.68> tr'a..Sl_t'_or_ P. = Pen"_""_ ( hr. "£z_ut "" h_n'_ill_t)

(H.69) rot=tion=( P_= P..+ ('_)>_.,(k,,cosoot-l_;,si_.oot)sine

The dynamic load carrying capacity _ and the restoring moment _ are

obtained by integration over the thrust bearing:

I
(..7l) M=,=-P=R_jI r'Ps_.e

_r _e
•
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If, in calculating _/D , the static load is disregarded we get:

_ R,_P.E Po

MI_ -I z_ olr - sin_ot olr (oot-_)

The integration is calried out numerically.
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COMPUTER PROGRAM PN0020

Static Load and Flow for Journal and

Thrust Bearing with Line Source Feeding
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C MECHaNICAl TFC_4NOLOGY,INC, JORGEN W,,LUND
C PN.qO2._=HVDROSTATIC JOURNAL AND THRUST BEARING

DIMENSION FLAM(106)),AREA(IOO)tVLST(100)tPSL(lOO)iPAL(100)gEPS(SO)t
IEPS3(90)_PZ(RI),PI(RI)gGAML(10,',Igr)GAL(IOO)90ST(50)tPRST(50}t
2PR2ST(50) tDUMMY(500) •'

2Or) READ InO
ReAD 101
WRITE OUTPUT TAPE 39102
WRITE OUTPUT TAPE 3t103

WRITF OVTbUT":.TAPE 3,100 ,-
WRITE OUT,PUI: "TAPE 3tlO]

READ I04 tLMB t'NVtNJT tMI L 9MD IM tNDI AG tINP tNPRT
READ lO'ttPCRC *'
WRITE OUTPlYI" ._APE 3tI05

WRITE OUTPUT TAPE 3tlO6,LMB,NVtNJT,MIL,MDIM,NDIAGtlNPtNPRT
WRITE OUTPUT TAPE 3t136
WRITE OUTPUT TAPE 3_I37+PCFC
IF(MDIM) )04,201,204 "

201 READ IO?t(PLAM(II_I-ItLMBI

READ I-/_?IIVLST(IIgI=I_NV)
IFINJT) 203 t202 _,20"_

2f)2 READ IhTtF.LDcFLID

GO TO 2,07
703 READ I07't_TA_G'AM

IF(NJT) 207,2n2,245
2/+5 READ I07_,(EPS(1),I"I_NJT)

GO TO 207 ,
20a READ IO?,V.I.'3C,RT,HNgCLR7

READ ]b?9 (PSL( I }_PAL( I )t I--1tNV)
RFAD 107t(ARFA(I} tl--ItLMB)
IF(NJT) 206 t2(35 _2(16

2_ _r_D 1C)7.tBD_,BLtBLI
GO TO 207

J 2n6 PE/_D 107tRltR2,mRCI

I_'(NJT) 2{17,205,2_,5
20_ IFIMIL) 2?0,209,208
201_ R,"AD IOTtCBtSA_CACgCAD

GO TO 209
220 IFIMIL+I) 214_,24'79209
2_7 READ I_Q_ADC,LVC

IFILVC) 25At255_25A
254 READ _07t(GAML(I} _I--2t26)

GA_4Z= ] ,0
DGAMZ =0,0
GAI,4L(I )= I, 0
WI_ITE OUTPUT TAPF 3t138
WRITF OUTP(IT TAPE 3_I]2t(GAML(I)_I-I_5)
GO TO ,256

255 READ 107tIGAMLIIItDGALII)_I=1,NV)
256 EX6=2,01 (AZ)C+I,O)

EXI--1,0/(AOC-I ,0)

EX?= ( I_.X,6**E X1 ) *SORTF ( EX6*ADC )
EX_,=2 ,b'IEX1
FXl =ADC*EX1
CRP=EX6**EXI
EX3=SQRTF (2.0*FX1 )
EX2=I,0/EX1
EXS=-EX2
EX6=I,ntEX6
EXI =1 ,n/ADC
DIT=( 1,0-CRP)/50,O
CX=CRO
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,,:/ _-.-,.'-.F','T -95 -

.'JS7 "_ :"FX 3*CS*SORTF (l_.O-C×IC5 )

pc,,>,.-_F_ )-=CX*CX
2S_ _>,>,-,i '_ _ -CX

C _,Ni "IA,_ C(]NDITrON.S

2 ; ] v'_.:,', : ." _-'PAL ( I )/PAL ( f )

.',"!.2 B__.'_i:-2,n
F _) II _ ' IRrh-- " L.

GO TO 21 7
2 ; _ FTA= R _,,'RE

IS_,M _:PC/R ,2
216- iF{r,!jT, 2"169217,2]_

215 ;.L F F,_"LOGF ( Pl"A )
(_"1 :'._OC_F, GAM ,_
RE," A=FLFTA/('I
RET ] =i,n_-nErA
_r- ,r,NJT ? 2499217,24£

'48 bG 2_6 _[.--I__,NJT
,51:-& _O_-EPS CI )

2i6 FPS'5,"'=CI"_*3
:. F ' I'4O: M'; 218_300,218

2]'7 C1 ---.E'XPFCFLr') )
(2='; ,nlCl
S'-t.LS :--(C1-C2 ',.12,0
(HKS=_C _ "_ 12 o,. 4,-C,-_) ,
iF(FLit)} 2769277,276

77b (. i-,--v,n_FL1 r_
Ci,-P A;-'F ' Ci )
rAH: C]®0-C1;I(!,,0+C] )
FHF "',_:"';AH IFL !I_
GO TO 24.O

THF ;': i ,,r,
;,4 Q ,'o .....:, ,_t ,=1,0

f-'D.->. " " -r_(i

_ i-" , MI) ;M' 7 ] .g t1('lO _ ,P]_

2",.£ "_ _3,r..v[gc

(.<.-::-,c.,R, f fg,_6,069*RT)
,,'.LAI_' h_I*C;./C]
(..:Lw.,v*; ,,L,I5QPT*C] !eT

C :N.T_ATE LAN'_O_ ANn V
3C_0 {)0 _I '_::I_L MR

.;'',V,L._. _' --,51_,2_52
2 =.' ' FLAM" ''j . 1-o , i.

, r,_'. : 3r"h_'4"7'I li3_
, /

": f '_ _ t "_

" T" ,-r. -,_t+ t. & " )

, _ _- ,.'LCV"
,', , ('_ _,g,"

. ,__Z_

r • 11"I"

' L_'.-(. _e.'*ARIfLMT
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3r')_ r)O 4_1 J:l 9NV -96-
v'=VL':,T ( J )
v2 :V*V
VUl =VP-] ,,n
IFI_IM} _04.,305,30_

304 PA=PAL(J)
, PA2=PA_'PA

FLM=FLMT/PA
FLFCT=CFLWW'PA2
CAC P:CAC_PA
CADP=CAD/P^
GO TO 241

305 F LM= FLI',4T
241 IF(MIL+I) "406,242,106
242 IF(LVC) 306,257,306
25T GAMZ=GAML(J)

DGAMZ=DGAL (J)
IF(MDIM) 24_,306,24_

243 FLM=FLM*GAMZ
C P2 CAL('ULATION

, 306 K= i
307 FLME=FLMIEPS3(K)

FLFE-FLFCT'W'EPS3 (K)
IF(NJT) 3099308,309

3O8 P2LD=FLD
GO TO "_I_

309 P2LD=FLETA

310 IF(MIL) 221,'_11,317
311 CI=FLMEIP.O'*PPLD

C2-"CI _Cl
CI=CI'*F LME
P2-C1*(-I .O+SQRTF (l ,O+VM1/C2) )
C I=!,,O'*P2
C2-FLMF/2.0-*FLME/P2
GO TO _25

_12 C1 =FLME_P?LD
C2=VMI
MTST--. 0
C3"-V-l,O

CX=(

!F(NPRT} _PO_I'_,37Q
32O WRITF OUTPUT TAPE _,10R
31"_ CS=V-CX

C5"-:C5"C5-1.0-(21 _*CX/ ( CX+gA ) _ ( CX+CB ) _'( CA('P_'CSwCS+C5+CAI')P }
IF(NPRT) 314,315,31_

316, WRITF OLITPtlT TAPE _,IOq,CX,C5
'415 IF!.":T.£T)"_16_316,319

IF(C61 318,3'x0,317
"417 Cx; CX+C&

e 2=Or-,
IFrCX=C3} 31_.,_13,_e,0

C7:C5
CX--( X-O. 5_'C 4
GO TO '413

_I o C1"-'( 4_C_
C1---2oC_*(C2+C7-2.0"C5 )/C1
C3: :C7-C2}IC_
IF{C1; 321 ,'_20,_21

32 n (6:*(5,'C3
GO TO '424,

I
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32] C4=6,5"C3/C1 -97-
C6=SOR_FiC4*C4-C5/CI)
IF(C4} 322_32S.323

322 C6=-C6
323 C6:C6-C4
324 CX=CX+C6
330 C6=V-CX

P2=tC6*C6-],O)/P2LD
CS=CX+SA
C2=CX*(CX+CB}/C5

CI=3.O*FLMF*C?*£3
C2=O.5*FLME/C6*((1.O+SA/C5*(CR-_A}/CS)*C3-C2*(2.0*CACP*C6+I.O})
GO TO 325

27! IF(MIL+I) ?5_,25Qt_11
259 CI=FLME*P2LD*V

CX=SQRTF(1.0+Cl*EXTI/V
IF(CRP-CX) 223,222,222

222 P2=FLME_V*FX7
CI=3,0"P2
C2=-O.5_FLMEIV_EXTICX*DGAMZ/GAM7
GO TO 244

227 £2=VP*CRP*CRP-I.0-C]*EX7
MTST=O
L=2

C4=2.0*DIT
IF(NPRT) 224,260,224

224 WRITE OUTPUT TAPE 3,132
26C tF(LVC) 261,225_261
225 C5=V2*PR2ST(L)-I,0-CI*OSTfL)

CX=PRSTIL)
IF(NPRT) 226,227,226

226 WRITE OUTPUT TAPE 3,109,CX,C5
227 IF(MTST) 228,228,23]
228 C6:C5"C?

IF(C6) 230,237,229
229 L=L+2

C2=C5
IF(L-50) 225,225,4_1

230 MTST:I
C7=C5
L=L-1
GO TO 225

461 M=2
262 VC=GAML(M)
263 C5=V2*PR2ST(L)-I.0',CI*VC*OST(L)

CX=PRST(L)
IF(NPRT) 26_,265,264

264 WRITE OUTPUT TAPE 3,109,CXt£5
265 IF{MTST) 266,266,23]
266 C6:C5"C2

IF(C6} 268,P_7,267
267 L=L+2

M=M+I
C2=C5
IF(L-50) 262,262,441

26R MTST=]
C7=C5
L=L-1
VCM=GAML ( _-1
VCS=VC
DVC= ( VC-VCM ) fC4
VC=(VC+VCMI/2.0

I

1965012960-104



GO TO 263 -98-
231C1=C4,C4

C1=2.0(C2+C7-2._*C5)/C1
C3=1C7-C21/Ca
IF(C1) 233t232o23_

232 C6=-C5/C3
GO TO 236

233 C4=0.5"C3/C1
C6=SQRTF(C4*C4-CS/CII
IF(C4} 2349235_235

234 C6=-C6
235 C6=C6-C4
236 CX=CX+C6
237 P2=IV2*CX*CX-Io_}/P?LD

EX2=CX**EX]
C1=3.0"P2
[F(LVCI 2709269t270

26g Ck=P?/FLME/V
CS=-DGAMZ/GAMZ
C6=0,5
GO TO 271

270 VC=VC+C6*DVC
C4=VC_FLME*V
C4=P21C4
CS=-DVC/VC
C6=0,5*VC

271C2=C61V*FLMEICX*(CS*C4+EX4_EX2/C4_(EXG-EX2/C×))
244 IF(NPRT) 238t32592_8
238 WRITE OUTPUT TAPE _1099CX9C1

GO TO 325
253 C1=3,0"P2

C2=SQRTF(1,0+D2*P2LD)
C2=0,5"V/C2

325 IF(NJT) 350t326+340
C JOURNAL BEARING FORCE CALCULATION

326 SLP=C2
C2=C2+TAH
CS=FLD*(CHKS+C2_PCFC_SHKS)
PFCT=C1/C5
CS=FLD_(CHKS+C2_SHK5)
PlFC=C1/C5
IF(MIL+II _72t3?It371

_17 FRC=PFCT*FINT1
FRCM=FLD*PFCT_Pl(1)_THET
GO TO 400

C THRUST BEARING FORCE CALCULATION
340 CI=ETA_ETA

C2=I,0IGAM/GAM/C1
C3=I,0+P2_FLETA
C4=SORTFIC3)/C1
C3=P2/C3
CS=_FTA_P2
CS=(ETA-I,O}/20.O
CX=l,O
O0 341L=I,?I
CT=LOGFiCX)
C7=1,0.-C3eC7
PZ(L)=CX*SORTF|CT)

341 CX=CX+C8
Cg=(GAM-I,0)/20,O
CX=1,0
DO 342 L=I,?I
C?=LOGF(CX!

I
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C7=1°0+C5"C7 -99-
Pl (L) =CX*SQRTF (C? }

742 CX=CX+C9
C6=PZ (I)-PZ (21 )
C7:PI (1)-Pl (21)
_,0 343 L:2_20,2
C6=C6_-/;..O*PZ (L) +2, O*PZ (L+])

343 CT=CT+4°O*PiCL)+2,O*P](L+I)
FI NTI =C6_C8/3 ° 0
FINT2=C?*C9/3.0
FRC= (C4*F INTI+C2*F INT2 )'2.0+C2"1 •0
FPCM=Pl (21)/GAM
GO TO 400

35r. PFCT- I .C)4-C2*PCFC* FLFTA
PFCT=2.0*CI/PFCT
P!FC=I,,D+C2_FLETA
PIFC=O. 5'ACI/PlF2
SLP=C2
IF{MIL+I) 35593549354

355 FRC=PFCT* (F INTI+F INT2 )
FRCM=PIFC*PZ (1)*EIA

C OUTPUT
400 DPW=P2*LOGF (V)

IF(NJT) 403,401 _,402
401 WRITE OUTPUT TAPE 39110_FLDgFLID

GO TO 4.03

402 WRITE OUTPUT TAPE 3,111
WRITE OUTPUT TAPE 3,115
WRITE OUTPUT TAPE 3,112,EPS(K},ETA,GAM,FLETA,BETA

403 WRITE OUTPUT TAPE 3,i14
WRITE OUTPUT TAPE 3,113,FLME,V,P2,FRC,FRCM_DPW
IF(MIL) 24.0,4.05_404

240 IF(MIL+I) 405,246,405
2_6 WRITE OUTPUT TAPE 3,133

IF(LVC) 272,273,2_P
272 WRITE OUTPUT TAPE 3,122,ADCgVC,DVC

GO TO 405

273 WRITE OUTPUT TAPE 3,122,ADC,GAMZ,r)GAMZ
GO TO 4.05

404 WRITE OUTPUT TAPE 3,116
WRITE OUTPL;T TAPE 3tl!')'_SAtCBgCAC_CAD

405 IF(MDIM) 406,_15,406
406 WRITE OUTPUT TAPE 3,118

WRITE OUTPUT TAPE _113,PSL(J};PA,VISC,RT,HN,AR

FLW-FLFE*P2
PW:RT*FLFE/6600.O*DPW
IF(NjT) 411,4.07,411

407 WRITE OUIPUT TAPE 3_120

WRITE OUTPtJT TAPE 3,119_BD_BLgBL1_,CLR
CX:O °78530R] 6.Rr).pA
CT:CX._LI
CX:CX*r_L
FRC=FRC*CX
FRCM:FRCM*C7
TFR:FRC+FRCM
STF=TFR/CLR
WRITE OUTPUT TAPE -_12i
WRITE OUTPUT TAPE 3_I13_FLW,PW,FRC,FRCM,TFR,STF
CX=PA*FLD/2.0*PIFC
C6:PA*PZ (1 )
CT:CX*Pl (1 )

SLP:-2,0*PZ (] )IFLME_SLP
CRT=PZ(I )/V
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WRITE OUTPIJI" TAPE 3,1_3 -tOO-
WRITE OUTPUT TAPE 3,112,C6,C79FINTI,SLPgCRT
IF(NDIAG) 408,410,408

408 WRITE OUTPUT TAPE 3,124
C6=BL/40.O
C7=0°0
DO k09 L=i,21

PZIL)=PA_PZ(L)
PI(L)=CX*P](L)
WRITE OUTPUT TAPE 3,125_CT_P7(L)gP]IL)

409 C7=C7+C6
_10 GO TO 430
411 CX=II.0+EPS(K})*CLR

WRITE OUTPUT TAPE 3,126
WRITE OUTPtlT TAPE 3,112,R19R2tRC,CLR,CX
CX=3.ISI5927_PA*RI*RI

FRC=CX_FRC
FRCM=PA_FRCM
IF(NJT) 42#,430,423

#23 WRITE OUTPUT TAPE 3,!27
WRITE OUTPUT TAPE 3,1]9_FLW,PW_FRCtFRCM
IF(NDIAG) #]2,#1#,412

412 WRITE OUTPUT TAPE 39129
CI=C#_CI*PA*RC
CS=PA_R2

426 C2=(R]-RC)/20°O
C3=RC
C5:(RC-R2)/20.O
C6=R2
DO 4]3 L=]_21
PZ(L)=PZ(L)_C1/C3
PI(L}=PI(L)*CS/C6
WRITE OUTPUT TAPE 3_128,C6_PI(L},C3_PZ(L)

C3=C3+C2
413 C6=C6+C5
414 GO TO 430
424 STF=FRC/CLR

C3=PA*SORTF(].O+P2*FLETA)
WRITE OUTPUT TAPE 3_13#
WRITE OUT_)UT TAPE 3,113,FLW,PW,FRC,STF,C3*FRCM
!F(NDIAGI 425,4S0,425

#P5 WRITF OUTPUT TAPE 3,129

CI=PlFC*PA

CI=C]_R1
GO TO 426

415 IF(NJT) #27,416,420
#16 WRITE OUTPUT TAPE 3,]23

CX=_LD/2.O*PIFC
C6=PI(I)_CX
SLP=-2.0_PZ(I}/FLMF_SLP
CRT=PZ(1)/V
WRITE OUTPUT TAPE 3,1]2,PZ(1),C6,_INTI_SLP,CRT
TF(NDIAG) alT,Slg,#17

al? WRITE OUTPUT TAPE 3,124
C5=FLD/20,O
C6=0.0
_0 #IB L=I,21
CI=PI (L)_CX
WRITF OUTPUT TAPE 3,1259C6_PZ(L)*C]

#IR C6=C6+C5
419 GO TO 430
4/0 IF(NDIAG) 421,430,42]
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421 NRITE OUTPUT TAPE 3,129 -IOZ-
C];CI*C4
C2= (FTA-] .O)/20.0
C3=],0
C4- (GAM-I o0) 120.0
C5;I.O
DO 422 L=I,P]
C6:CI*PZ (L }/C'_
CT=Pl (L)/C5
WRITE OUTPI_T TAPE _,128,C5,C7,C3,C6
C3=CB+C2

422 C5=C5+C4
GO TO 430,

427 WRITE OUTPUT TAPE "_,135
C4--5QRTF (1.0+P2_FL_TA )

SLP=-2.0_CA/FLME_SLP
C5=C4IV
WRIT_ OUTPtVT TA_E "_113,C4tF_C_t_,NTl,_I.NT79qLP,¢5
IF(NOIAG) 42B,_3_.4P8

4P_ CI=P]rC_PFTA
C_=(_'TA-I,O}IPO.O
C3=1,0
C4=(5AM-I.O) /2(3.0
C5:1.n
WRITE OUTP_JT TAPE _,I79
DO 429 L:1921
C6=C_PZ (L)_'Pl _C

C?:Cl ICS_Pl (L }
WRITF OUTPUT TAPE 3,128,CSpCT,C3,C6
C3:C'_ ��42_ C5=C5+C4

C START A NFW LOOP
a3rl K=K �IF(K-NJT) 30"f,3 n't,431

4BI CONTINUE
IF(INP) _32,200,432

dl 432 END FILE 3
STOP 77777

44_ WRITE OUTPtiT TAPE 3,130
GO TO 430

z+al WRITE OUTPUT TAPE 3_131
GO TO 430

371 CX=FLD

C3=FLDI2r}.o
DO _,_7 L=lo_l
C4=EXPF (CX)
C6:0.5_( C4-I,0/C41
C4=SQRTF ( 1,0+P2_CX )
PZ (L )=C4
CX:CX-C3

32"7 PI(L)=C6/C4
C7=PI (1)

DO 328 L=2,20_2
328 C7=CT+4.f_*Pl {L)+2.0_Pl(L+] )

F INTI =C?_C'_13,0
IF(MIL+I) 303,372 _B72

35_ CI=GAM_ETA

CI=nF'TA/CI/CI
CX=I.O/ETA
C8= (IoO,-CX)/20.0
CS=BETA_'P2
DO 351 L:l_21
CT=-LOGF (CX)

I
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PZ(L)=CX_CT/qQPrFII_O+P?*¢TI -102-

Co= (G_M-] ,n )12Q,n
C×=I®n

OlIL)=C×_CTIqQRTF(],O+o_*CT)
_Sp CX=CX+C9

C6:PZtlI-PZ(21)
CT=PI(!)-P](71)
O0 353 L=P,2n,2
C6:C6*4.n*PZILI+2.0*PZCL+I)

_5R CT=CT*4.0*P]ILI*2.0*PI(L ¬�FINT_=c6*CRI_.O

FINT2=CI_C?I_,O*C9
IF(MTL+I) 30393559355

Inn PORMAT_T2HO
l )

Inl FORMAT(TPH
1 )

In2 FORMAT(R4HI MECHANICAL TFCHNO
ILOGYglNC. JORGEN W.LUND )

Iq3 FORMATIB4H PNOn20 HYDROSTATI
IC JOLIPNAL AND THRUST REARING)

104 FORMAT(B15)

lob FORMAT(12OHO NOoLAMBDA NO.PRESS.RAT. JOURNITHRUST ORIF/MILL
IIPOR DIMENSIONLESS PRESS.OUTPUT LAST INPUT ITERAT.PRINT l

I06 FORMAT(IP_TY15)
107 FORMATIIP4EIG.7)
108 FORMAT(3OHO V-PO FIV-PO) )
I0O FORMAT(IP2EI6.7)

110 FORMAT(56HO JOURNAL BEARING_LID=
llPE15,7)

111 FORMAT(66HO THRtI_T BE
IARING )

112 FORMAT(IPGEI8.?}
llS FORMAT(IP6EIB.?)

114 FORMAT(IOBHO LAMBDA PRESS.RATIO DIM.FLOW
I DIM,FORCE DI#.ORIF.PRFSS. DIM.POWER )

115 FORMATI9nHO FCC.RATIO OUT.RIORIF.R ORIF.R/INN_R P
I LOG(RIIRC) BETA )

!]6 FORMAT(36HO MILLIPORE FLOW COEFFICIENTS )
I17 FORMAT(ISH COEFF.A:IPFI4.Ttl2H COEFF.R:IPEI4®T.]2H COFFF

I.C=IPEI4.791;'H COEFF._:IPE14.?)

118 POR_AT(IO8HO SUPPLY PRES_. AMR,PRESSURE VISCOSITY
1 GAS CONST*TEMP. NO.EFFD.HOLFS FFFOER AREA )

I]9 FORMAT(IP4F]8.7)

12C. FORMATI?2HO BRG.DIA_ETER RRG.LENGTH FFFD.PL.OIST.
I RAD.CLEAR. )

12] FORMATtlO_HO FLOW POWER FN_ FORCE

] CENTER FORCE TOTAL FORCE _TI_FNESS )
I72 FOR_AT(IP_FIR.7)

12_ FORMATIgOHO PO AT ORIFICE Pl AT ORIFICE INTEGRAL
I SLOPE ORIF.PR.RATIO)

124 FORMAT(_BHO DISTANCE PO Pl )
175 FORMAT{FlP.6_IPPEIT.7)

126 FOR_AT(9OHO OUTER RADIU_ INNER RADIUS ORIF.RAOTUS
I CLEARANCE FILM THICKN.)

127 FOR_AT(?2HO FLOW POWER FORCE
1 ORIF.PRESSURE)

12_ F. _ATIFI?.6,1PEIG.?_OPFlP.6.lPFIG.7}

]29 FOR#AT(54HO RADIUS PRESSURE RADIUS PRFSSURF )
ISn FORMAT(42HONO ROOT FOUND IN MILLIPORF CALCULATION }

1
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131FORMATf36H_NO _OOT FOLIND IN n_IFICE ITFRATION ) -i03-
t_2 FOR_AT(_nH_ PO/V F(P_/V} )
133 FORMAT(5_HO ADIAB,FXP, A_FA COFFF_ DFRIVoARFA CFo9
13_ FORMAT(IOBHO FLOW POWFR FORCE

1 STIFFNESS PO AT ORIFICF P} AT OPIFICF)
135 FORMAT(IOBHO PO AT ORIFICF Pl AT OPlFICF OUT,INTFGPAL

I INN,INTEGRAL _LOPF ORIF,PR,RATIO)
136 FOR_AT(18HO PR,CORR,FACT,)
137 FORMAT(1PEI£,7)
I_R FORMAT(32HO VENA CONT_ACT_ CnF_FICI_NTS)
139 FORMAT(IPFIS,7_I5)

FND(O.I_O_I,I)
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-104-

COMPUTER PROGRAM PN0031

Static Load for Thrust Bearing with Point Source Feeding

i

I
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C CALCWLATiO,4 OF PRFSSURE DISTRIBUTION FOR GAS LUBRICATED GIMRFL
C F_EARING PP _ ROR RtJRGFSS FOR ,_TAN MALANO,_KI

hI_EN£1ON P(IO,IO},P£O(Intln)_A(I_]n),TH¢TA(Xn)gPHO(I O}
Im FOP_,'AT (3F6.t,jP I 2 )
?r_ FORMAT (BHI C(1)=F6.!,BH R(1)=F6.3oRN R(PI=F6,,'_9

1 5H N=IP,BH R(I }=F6,198H WRAR--FgeS_BH C(2)--F6.'_,
2 8H C(31=F'/.4)

_C_ FORMAT (39NC) RHO(t_) THFTA(K) P(_'gL}}
_O FORMATfFIO.5 _FI6.5 _FIz_,5/(gH FI6.5tFI4,SI l
50 FOPMAT {312,F5.2)
55 FORMAT (56HIPRESSUPE DIRTRIRUTION FOR GA,_ LUBRICATE_r) GIMBAL REAP!

1NG t
6q FORMAT (45H0 MFCHANICAL TFCHN_LOC_Y INC.,t. AT_AM_N,Y._

WRITF OUTPIIT TAPE __,55 -I05-
WRITE OUTPl]T TAPE 3960

Rn READ lh,CON_PONF,RTWO,N_
IF (6-I) 160,1009R5

A_ AN=N
DTHETA : 8.141592651(10.0"ANI

_)I:SQRTF (RONF*RTWO)

DRHOI: °22222222_(RI-RTWO)/Pl
DRHO2: ,18181818" (RONF-RI ) /R I
THETA(I)= r)THETA/2°O
DO 1OO K=2,]O

lOn THETA(K)= THFTAIK-])+ DTHETA
RHO(])- RTWO/RI + °_*DRHO]
DO 110 L=295

11n RHO(L)= RHO(L-I)+ DeHOI
RHO(6)" 1.0 + DRHO2

DO 120 L=7_IO
120 RHO(L) " RHO(L-I} + DRHO2

Z--AN * LOGF(RONE/RTWO)
COSHZ =COSH(Z)
COSHZ2 = COSH(.5*Z)
E = COSHZ2 -I.0
G : (COSHZ - COSHZ?)**2
H= G/E
DO ]_O L=I_IO
X= AN * LOGF(RHO(LI)
COSHX = COSHIXI
COSH2X = CO,_H(2oO*X)
DO l_n K:I,IO
Y= AN * THFTAIK}
COSY = COSFIY)
COS2Y : COSF(2.O*Y)
D : COSHX - COSY

F : COSHZ**2 -2,0*COSHZ * COSHX * COSY + .5 *(COSH2X + COS2Y)
]BC) AIK_L) : LOGF(H * (n/F})

DO 140 L = t,]O
F)O I_0 K= l,lO
PSC)(K,L} = 1,0 - .5 _ CONF * A(K,L)

l(_m P(K,L) : SQRTF(PSQIK,L))
J=1

GO TO 5_I
C DO RECESS CALCULATION IF I-2,OUIT IF I-1

150 GO TO (80,]55),I
155 READ 50,LONE,LTWO,KONE,CTWO

IF (LTWO-LONEI 160_160,]65

160 STOP
165 AM=L TWO-LONF_-I+2*KONE

PAVGI=O.O
K_AX=KONE-1
DO 170 K=I_KMAX

I
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-/n oAVGI--PAVG_+PqQ(K,I_nNF)+PKO{KgLTWC)) -106-
r_c_t_n t :LC_N.F,LTWh

IR_" _AVG!:DAVGI*oSO(KC)Nr,_I )
oAVG!=OAVC,1 f/_
r)?)!qC_ K=IgKMAX
PSO (K ,LONE )= 1.0-. 5*CTWO*A (K,LONF)

IQn PSQ (K ,LTWO) =I,O-. 5*CTWO*A (K ,LTWO)
DO 2nO L=LONF,LTW_

2nn PSQ (_CONE, L )= ]. 0-, 5*CTWO*A (KONE 9L )
PAV_P=h,h

r)O p,lh K=I _CMAX

21n _AVGP=PAVG2+PSC)(K,LC, ;FI+P_OIK_LTWO)
r)o 2pn L=LONF,LTWO

?pn PAVG2 =PAVGP*PSO (KONr,L )
_AVGP:PAVGP/AM
CTH RF F=P AVC--,I-P AVGP_
DO 2SO L-LONE,t.TWO
DO 2_O K=I,_ONE
PSQ(K _L }=I.0-,,5*CTWO*A (K tL)+CTHPF_F

230 P(K ,L)=SQRTF (PSQ( K,L } }
j--,,.

GO TO 5_I
_00 STOP

5al WBAR=O,O
DO 550 L:I,5

T=n,O
DO 545 K:I_IO

545 T=T+P(K_L)
550 WBAR:W_AR+RHO(LI*(T-.IO,n)

WBAR:WRAR'_.nRHOI
TT:O,0
DO 5"/0 L=6,10
T:O,O
DO 560 K:I91n

56n T:T-_P (K ,L)
57n TT:TT+RHO(L)*IT-IO.O)

WBAR: (WBAR+TT*DRHO2) 15,n
WRIiE OUTPUT TAPE 3,20,CONEgRONEtRTWO_N,RIgWBARI, CTWOgCTHRF-E
WRITF OUTPUT TAPE 3,30
DO 580 L:IglO

580 WRITE OUTPUT TAPE 3.40,RHO(L),(THFTA(K)_P(KgL)_K-].IO)
GO TO (_.5C)980) ,J

END (n,I,0_1_I)
FUNCTION COSH(X)
EX=EXPF (X )
COSH= o5"(EX+I,01EX)
RETURN
END (n,,I_,0,1,1}

I
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-[07-

COMPUTER PROGRAM £N0040

Static Load for Journal Bearing with Point Source Feeding

I
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-108-

r A _qA L y :-, [ ", r_F _,,_cA ,r, i r3 ;"_P £_,) _,_,q ( _,I,",T fM oP,qq ) I::)_t £)q A t'_

(" _q©C-,,..)AV',,I_L, :-OF-; n._,,rpr,!ir_" _v PiGl:_ll7Yg MTI C.T=,--_BP,# 7-26. 6:;

lp, p [,;1 .f.l ) _I!MMY( 1 _h) _C''_ {2hr,),,FA*P(6_ ) _7;'(q) ..YM(L} _Y7(c)) _r'l'J(q) tc-H

] & J , "_p( "_ } 4 c, F4D (q) , ('b.:e,,' ( q ) , CN','l { "_ ) ,(-l,l _' , I ) _ '-',1-4_'11 "_ ) _ P,\IffC(_m)

_, ,_(Cql(6],._I,CC. IN(r-,_)_C. INT(6] _ ) _TPMD(5] iO 1)

C ;'_,v'._C'_k' DA ,C ,A_7 TA ,AV _mT ] 2 ,._ ,*.IA, _'Lr) ,NAA INV ,ALFA ,AL r',F_, A_r). AL ,_I ,F_X ,;.4

, {,,,;_,,,_r_,c,_,e,-,,Xq,yq,cOmA! ,¢r)c, A2,Cq,q_,T,qINHK _qI_IH_K,COc_ ¢- _(:'QcHDK

22 ,i.; r-t _PO? , AAi_ _,q _(R ,D, [ C_IINT , F, F-N, ALOF_I , _,'_'tTA o, _7TAM _ ALFP*ALF qa ir)FL

q,C.n, DFLT_,(-I ,Di #__KibT m _CK', g_' _ ¢,].* Iq ] , 7H, 7L, R\/FC _ A'JAT'_CQg] _C

._ g2 :._ _Ac'._ ,_YCOq*-TAP.Z-F/_M'fCOg'_C Q'T_CRTN4c'I_IT_TFMD

•_q.". hi--31', ISQ, D/_,(" _A_7T_,_hk" *#TtP,_mlh'

,..: r" ;: £,f,, #,eq[', D#I l_I"_ i #IDIIT

T _ Df--

l _,t,:: '_- O(',.PIIT "rADF-- _.,_152.PAIC,A_TTA,Ak(_TiPID'_ :'

',/R.._- C)tlTPtIT TAPE :_]SA,;gtMt_,f'4LF),NAA_N\,'INT_NTN

,,l_: ;'; OlilP_r TAPE !,155,(ALF_(I),T=]gNA)
I-'FAD 153_ IAIOF_',(I },ji-i,_i",l_b)
r;_;_{) l_r), (AiV'DnL(!)_l=],_lAk'l
_,'k)i T '- O;JIPlIT ?APF _,156, fALl)F)' I ) _ I =I,Nt_D)

_,_i_,,: f)L.;TPilr .FAOF "._,]S/,j,(AMDAL(IIgT=]_,_AA)

or,,,,. _r_ni(\,,CT) + I=] ,MV)
L,IDTTF E')LJTDI_F 1APF _,lS_,{V(ll,_f:i_mv)
,,:,_]_-" DIITD'IT TAI)F "_t166,M_[AG_MGPCc,,_iDT_i, _,ID

,,_IT _ C")tiePllT TAPF q,l&O

(" TN[TIAL CALe'III_ATIr) ,',_r- -- PnlW _h_r_ C ThAI_F

PX! .Ai< f ( Z_K-I ,,_)
F-x:' I ,c)IV×i

FX_= c,ORXF ((AIC+AK)/fAk'-I.I)

?TAP- ZTA+A

7 FAM= 7TA -A

,ukl - KI

7IAN = 71"A'XFf 't

FNA : NA

F;Dv(-r-,) _ ( ?.ClfAk'+! .r_) 1_),'!

lhPL_ { ] , ¢_.-DC_V(" _ ) / (FP,:A- ] ,h)
,uRK . t.._A_ _

F; ti..({?,/ (A_+],))_(1 ,/(Av-1 ,) ) )*(_PTF( (AI_ / (Ak'_1__ ))
X(! )- POVCR
DOI I=2,NA,M
X( i i-X; ]-I) +DFLX
_.,AR "- qQPTF( ] .n -X( I )**FX2}

l F:! := ALFA([)* VAR _(X([)._rX'4)_XA

X_Nn;= l.O

Pk_7 :.._17

F t_,lI i'_- ki r14

( HF-P._ _,_- gPl" tip THF CmglK'P _*ATOTC=_ Wl_iCi4 wILL np _icPO f. THC

,.- (,XLCI_L:_TI_,., ,_F THF C] VFCTOP A_,'D PI _AT°IY

1,'Ot'.k'T =- ;'
F • ;. I.C,'.].'_q_'/ t r'' I%1

r ,_ :./} t- o

( 1 ( t ;: (":_

I
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x Cn,'-,( I I =b -109-

tALl_ £1NgOq
(t (] I--¢R

; ×COq ( _ ) --:-b
;)A l.'n !=1_,t
!')_ i;'q j:],Ikl
KI-( _*.I-I 1_2
KP= XARqF[ ([-,J)*2)

fg(_ > }122 ,_1219122
lp! C,_,q2{ i,Jl=l ,

GO TC_ I 2
1_,_ Cq¢ ([_..ll--.YC,q¢(K2)
1")_ Cq=l f I,J}=XCO_,(K1 )

C THE ARRAYC; CO¢,19 _ND C0¢2_ CONT/_It,_
C COc,( 2 ( I+J-1 )P[/N) AND
C (O<(2(I-JIPi/N) Pg ¢PFC.T I VI=t_Y

130 6C;I I- }. _,!
k',>-2* [-1
C<INcT_= Cl (k'2)

6n'_ ('COqfi) --- XCO_,(K2}

C F_F /_Rg?.AY¢ CCO_,, Cg]'N, CONTAIN CO,<, <IN rig _2i-1.}*I_I1( N),,
ICOtl,_tT -- 1
TAP -m.r_

l P: DFLTH
AAR : <INF(_-)
R: CO<F ( E )

I
I (".FJ = h,r_

D: 1,_
COST(I,2)= D
COST(I,3)= D
e-INT(192):t300
&INT(I 4_):0,13
IBN bhl I=29NTH
('ALl. e,I NCOe,
Cr_qT( i,2)= r)

6n! e,lU'r(i,P}-- CR
TAR ": n,C_

_= FN*DFLTH
AAF- ¢INF(F_)
R: COqF{EI
CB= n,C_
r3- lim
ICOUN T : 1
P,n 6n4 I=_tNTH
CArl. _INCO_
CO._T(Io_)=m

6n_ _,INTII,_,)= CB

C THF ARRAY._ £INTII,J)_ COST(I;J) CONTAIN ._IN _ CC)q PmPCTVLY mF
C t_,5*THETA(!! _'C_Rj-; 1
C THFTA (I } FOR J=?
C N*THETAII ) FOR J='3 ,

IF (_DIAG! I02,101_10_
In2 WRiT_ OUTPosT TAPE &, 151

WRIt= OUTPtlT TAPE _,161

WRITE OUTPUT TAPE 4,162,EXl,EXP,FX_,ZTAN,POVCR,r)ELX,t)ELTH_F'x&,ZTAI
I_7TAM

WPITF OUTPI.T TAPE A,Ib'3,(X(1),F(II_I=I,NA)
WqI;_' OL:TPI!T TAP_ 4,162_(_t'O£ff} _I=I_N}

C THF l.l,mLOnP e_'C,INq HRPF -- qf_ It{ CAL("IILATCr_ I_' {IIRQC)IITIN¢"qho
_.hl nO" 2 I=I _NL m

#_ "- ;N'ALOOf1)
Y£ -- FN*ZTA
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XS = FN_(ZTA-A) --110-
CS - io0
COSA J--C£
COSA2 =COSA]
ALOD i =ALOD ( I )
DELZ -- ALODI /(FNZ-I.O)
CALt. SOR
VAP, - ,£0
Xc, =Yq
YS = FN*IZTA +A)
CALL £OR
SO =(SO +VAR}*O,,5
TESO=SO

C SO Iq GIVEN RY THF AVERAG _ OF £0I AND £OI I
C THE LAMBDA(T)/ALPHA LOOP PFGIN£ HFRE ENDS WITH STATEMENT

O0 3 J--I,NAA
AI" 4. q_-AMF)AL (J)/FN
C_M'.q -- A] _ FIt )

r" 'FH: V LO,qP acGi'_'iS _PF"
r)o 4 k:=I,NV
XS'I'P,--qC_RTF ( ( TFSQ_CnMO_-I.-, .,q/V(v, ) _,/v. t.k" 1 )
IF (X£TR-POVCR) 5_5_&

C IF XSTAR LARGER THAN PO/V Celt GO TO 6 IF NOT GO TO 5
_, PO = ViKI*X£TR

ALFP =n.o
AL F SR---1 ®f')
GO TO 75

C LOOP6 tISFD TO FIND ROOT X£TR BETWEEN X(I) AND X(I-1)
6 V._O = V IK)ITF,£O

RV2 = loO/V(K)**2
Y1 = CRMO -VSO*(X(])**2-PV2)
Dr) 8 L=29NA

[ L=L
l Y3 _'-AI*F(L)-VSO*(X(L)**2-RV2)

C 1F Y3=O PO = V*XIL),IF PLU£ CONTINIIE9 IF ?4INtl¢; PUT QUADRATIC
C l"MRLt YI_Y2,Y3

iF IYB) 9,i0_II
ii YI=Y'_

GO fO 8

it1 PO :.V(Ki*X(L)
AL_:,_R=ALF A ( I_)
jF (L-NA) 76_77,77

7-/ ALFP =(ALFA(L)-ALFA(L-I))/r_'LX
GO TO 75

7A ALFP=O.5*iALFA(L+] )-ALF/_(L-] )IlDFLX
50 TO 75

Q VAq :- (X(L)+XIL-I))**212.-RV:)
Y2 --"A[_(F(II+F(L-I))/2.O -- V._O*VAP
AA::X 'L -& )_Y_
6B=X (L }*Y i

CC:-O.25. (X (L-I)*YI+X (L)*Y'_)
A,_,A=,,:)o5" _YI +Y'_)-Y2
_,_-Y/_. iX (L-I)+X( L I)-CC-_,75*lAA (�ˆ�l

cC( .=(AA-_qn)_( X (L-!)+X (L) )/z_.-Y2*X IL ) *X(L-I}
VAI-_ "- RRH _.W2 -A._AAA_C,'C

12 WqlTF OUTI_I,T TAPF _,16 m
r_r) TO, c_9

", ;, cO0i ]-'(-_Ra +qOelF CVAR) )I}.O/AAA

QOOT,_:_-I_Rm -_QPI'_IVAQ) )I,)_t_/AAA
i_ _,.:'C;T.-X{L'-I) ) 1(..1_,,_

!4 IF _Rr)CY2-x CL--I))I 7 _I 7, __
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I? W_iTF OUTPtsT TAPE" _9].6n -lll-
_n "TO 99

_," fr (o--)nT2_X(L) )1 q_ i-79]7
,,_ X_.TQ =,r?O_Tl

c-q ",'"2'-'
,_ Xt, Tp _--_Or,T2

._ -.-,-,_-rlNL,E-
C.t_TO l"h

- _ _'_-= ',.:fK ) "I'_C. TR

_-FP =(aLFi:{L)-ALFA(L-] ) ),'r_FLX

•_L=c= =(X_TR-Y,(L) )Ir'FLX*{tLFA(LI-ALF/',(L,-I) )+ ALFA(L)
"-q "" 75

- T--Eq r CALCI_LATIqN_ _RF _-'_: ON T_p _\££1_MDTTON THAT THEPF I£ hNLY
" T'"_= sCC'T nFT_'EFN X(I-I ) AN_, X'" ) TN_ ._(INCTION ].£ AL_O AS£I)MFr) TO

:: ")I_Ar'pAT.IC°LINFAP INTr"mDC)LwATIC)N IS llSCD TO r_PTPRUIN_= ALPNA qTAP

C "_ P=.nF-OAv GOFq Th N99 ]T wILL ]k_CtlP AN '._'PROR STOP. TNIq MFANK A

r r-._.,p,_, u EX L;O(')Tma _- AFFN F,ql;''r_.,,,r)p 114F.eFAL P,nOJS ARE NOT IN THF
C PqOP;'_' _NGF NlOr) WILl RF RFACHFD ON A_ );'.'OllT F_PC)P

-_Q mTOP 77.772
i_" cTOP /'7771

1: CO : (PC**2-1.O)*3.14159271TE.SO
IF (_OIAG) 103,104_103

lm_ WRITE OUTP_!T TAPE _]62_R£,XS_Y.£_CS_CO£Al_COSA2_SO,Al_¢RMO_X£TR_PO
I ,VSO, #V2, Y1, Y2, Y3, VAR ,ALFP _ALF_R, A_ _RR _CC, AAA _,q_R,CCC _ROOT l _POOT2

Inz, WRITE OUT_')T T&PE S_165, ALOr)I,AMDAL(J),VIK)
WQITP OU'mUT TAPE 3,164,CO_ALFSR,ALFP,X,qTR

C CO,VPUTAT!ON OF PO AT FACH MF,_H POINT
_:FN*A.LOD I
CS= 1 .n
KI= (NTH+I)/2
O0 78 M=I_KI
K2. NTH+I
COSAI=-CO F(M_3)

q2. r,"_..."A" "=COSA1
"_ Z=O ,,,

YS :Z TAN
D_. 7£ L=] _NZ
IF (L--NZ) F_O_BI ,£!

i_1 _02 (L,M)=I.O
DOp(L,K2)= l.q
GO. TO 78

IF _ -ZTAM) 8_+_8_85
_ XS :ZN

GO TO 86
_.5 IF(Z-ZTAP) ]25_127_127

I2& YS-ZTAN
XS:FN*ZTAK

-_-_ :_'ALL .q,.')R
o_2f L ,M) =£n
YS-- FN,_ZTAP
X£ =ZT'kN
CALL ._OR
SO: 9,5*(SO+PO2(L_M))
GO ,TO 128

_-},I77 YS -.._N
X_ :ZTAN

_6 CA' t ,',;OR

12@ ¢',.)2(L,,_'I)= SORTF(I,,O + ' '_,1415q2?*.£0)
-- PO2 (L,K2) PO2 (L,_.I)

.... __r tL,r tl_ 1 _ 17R,105
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178 7 = 7 +DFLZ -112-
78 CONTINUE

NGO'-1
IF(NP) I06_I07, I06

106 WRITE OUTPUT TAPE 3,167
WRITF OUTPUT TAPE 3,1779DELTH,ALOr)I,DELZ

13] NAM=NTH-] 0
LL=-9

L--e)
GO TO IOR8

INP, W,_ITF OUTPlIT TAPE "_, 1"78
IQ8_ IF(NAM) lr)Q,,11C),110
In9 L=NTN

I_L= lc)+LL
M1.l=_
GO TO 111

11o L=IO+L
LL=IO+LL
NAM=NAM- !C)
Ml1=I
GO TO 11!

111 F)n 119M=I 9N7_
112 WRITE OUTPUT TAPE _,168,(PC)P(M,JJ),JJ=LL,L)

GO TO( It_8,]O7},M11
IN7 GO "TO (13491_,5 ),NGO
t34 VAR=I,O-XSTR**EX2

X¢TRR= X_TR_*FX 1
PHI= ALFP/ALFSR+EX3/XSTR-((O,5/X£TRR)_(AK-I,)/VAR)_EX3
CAPK=( (6,2831853/PHI }*PO/CO}*V(K )

C HERE WE BEGIN THE CALCdLATION OF THE CI VECTOR BY SETTING UP

C WHAT SHALL BE CALLED T.HE R VECTOR AND THE A MATRIX
RS= ALODI
CS= l °
IS1::.]
ZH= ZTA

ZL=ZTAM
CALL ._I

VAR= $I
7H- 7 TAP
ZL - ZTA
CALL $1
SI--(SI+VAR}/2.0
TEM = CO-W'FN_SI"W'I,5
YS:ZTA
XS=ZTAM

DO 123 L=I_,N
BVFCIL}= CCOS(L )*T_M
DO 12B M=L,N
COSAI=COS1 (L,M)
COSA2=COS2 (L _M)
CALL ._OR

123 AMAT(L,M)= ._O+O,,5_(RS-Y._)
XS:Y_
Y._: ZTAP

IF (_DIAG} 132 _133 9132
132 WRITE OUTPUT TAPE 4,171, (RVEC(,L}tL:ltN)

WRITE OUTP._;T TAPE &,172,(IAMATIL_M)_ L=ItN)9_=ltN)
WRITE OUTPUT TAPE 49162, VARtX':;TRRpPHIpCAPKtZH97_LP_I,TEM oXS,Y_

1_3 DO 124 L=ItN
DO 12,% M=L_N
COSA!= C0.%1 (L_M)
COSAT= COS2 (L,_)

--.--.----_. rA! I _OR
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AMAT(L_M) = (AMAT (L, M) +£04"0,5" (R£-Y£) ) _C_,5 -113-
12# AMAT(MgL)= AMAT(L,M}

t DO 125 L=]gN125 AMAT(L_L_= AMAT(L,L)-CAPK

j C SURROtJTINF XSIMEQ IS U._FD TO &OLVF AX=R WHFRF X I_ THF ('1 VI_CTC) p
.£CALF = 1 •
IFRR= XSIMFOF(5_,N,] 9AMATgP.%,'_Cg._CLLFIfcPA (_)
IF (IERR-2)! 2(),130,l 31

C I_'RR IS AN /_SSIGNF_ FIXFB D.r_INT VAPIARLF
C ! IF SOLUTION qlICE._FtJL -- CONTINUE
C 2 IF UNDFRFLOW OR OVFRFLOW -- PPINT EPQOP PROCEED
C B IF AMAT I£ _INGIJLAR -- r)RINT FRROP _.F_OCEED

13c')WRITE OUTP_;I TAPE 3,169
GO TO 4

131 WRITF OUTPI!I TAPE 3,170
GO TO 4

129 WRITE OUTPt"f TAPE 3, 173, fAMAT(L91_gL=l_N)
DO 14_ L=I_,N

14c) C1(L)=AMAT(L91)
CeLL SUBPt
IF(NP) 18811"._5_ ]38

1.38 WRITE OUTPUT TAPE 3,174
WRITE OUTPt;T TAPE 3_177_DELTH,ALODIgP)EL7
NGO =2
GO TO 13/

135 CALL LCALC
WK=WK+WK
WRITE OUTPJT TAPE 3,175,WK
IF (NDIN) 13694,136

I_6 DWK= WK*PA*ALODI*DIN*DIN
WRITE OUTPUT TAPE _176_ DWK

4 CONTINUE
B CONTINUE
7 CONTINUE

IF (MORC&) 5r)O_5n],50O
5(3] STOP

C FORMAT STATEMFNT_
150 FOR_AF (6E12,,5)

151 FORMAT( 30NI ANALYSIS OF NASA AlP REARING/ 39H R.WERNICK MTI I_AT
].HAM,NY S[ 5-5886 )

152 FORMAT( 7NO INPUT/11?H P(A) C A
.,._ ZETA K SQRT (RT) h I A

METER ; lP7_17.7 )
15z_ _ORMAT( 87H0 N NO OF ALPNA._ NO OF LID NO OF LAMFIDA(T)

I ,',}0OF V NO OF Z NO r_F TH_TA I II5,111r_IIIB,2110}
155 FORMAT('23HO TABLE OF ALPHA VALUF.£IIIPTFI"7.7))
156 FORMAI121HO TABLE OF L/D VALIL_._/(lPTE].7.?))
157 FORMAT'33HO TABLE OF LAI_RDA(T) VALUES /(lP?E17.?))
158 FORMAT(19HO TABLE OF V ,/ALUE._/(IPTE17.?))
159 FORMAT( 8HO OUTPUT)

160 FORMAT(29HO OOPS SOMFTHING I£ WRONG )
161 FORMAT(22HO OIAGNOSTIC PPINTOUT )
!62 FORMAT(IP?E17,7)

16'_ FORMAT(2#NC) X(1) Eli) !(IP2F]5.7))
18z_-FORMAT(9OHO CO ALFA _TAR ALFA STR PRIM

lPO/V /]O_]7,T )
]6_ FORMATI_4HO LID(1) LAMRDA(T) VII) I ]P_FIT,7)
153 _ORMAT(1115)
16_ FORMAT( 29HC) (I) MEAN.(; YEr,_ (0) MEANS NOI59H PRINT DIAG MOIRE

1CASES DIMENS® LOAD. PRE._S_ PRINTOUT I II?_'_115],
167 FORMAT (61HO DIMr."N._IONLF._S ZEROTH ORDER DRESSLIRE PROFILE PO(Z_THF

IETAI. l

15R FORMAT (i_10E12.4)
m
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16.°. FORMAT( 38'40 UNDERFLOW OR ov_eFLc)W IN ×._IMFO ) -114-
17N FORMAT( 24140 A MATPIX .Tm _INGI_LAP }
!71 FORMAT( I_HF_ r_ VFCTOP /(lofF]7.7) )
177' FQr_MAT( 1"_14N A M/_Tr_Ix /(lPTP-17m7)}
]7_ FOR_-_AT{ I'_HO C] VFCTO_ I(IP7F'17.7)}
174 FORMAT( 61_', "_ DIM_N._TONLFCq _'IP£T GRDFR DR_'._IlRr DPQ_!I_ P]t?,l_

IFTA )• )

175 FORMAT (36Hn FULL qFAP. I_G F)IMCN_IONLF<R LOAD /IP]_!7,7)
176 FOR_AT(31HO FULL F_FARING LOAD It,,POIIND._ /IPlF17,7}
177 FORMAT(IO4H EACH COLUMN RFLOW GIVF< PRF.£_tlPF FOR A GIV.CN VAL_I_ c_F

I_HETAITH_TA GOE£ FROM r_ TO 2*Pl IN INCREMFNT£ OF IPI'--;4,_,2H},/
234H IN EACH COLUMN, Z GOF£ FROM r) TO IP1E1Z,,59 ?IH , IN INCqFB,_-.'JT
"_S OF lP1EI4,5, 3H ,)

17_ FORMAT(BIHOCONTINUAT!ON OF DRF__SURF FIFLD)
_ND( q,l,n,l,] )

" .... ,, m
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SUBRO(_TINF _O1_ -ll5-

.').Iz-N_ ION ALFA(5] },AtOr.(In) ,AMBAL (Inn} ,vI]nn) ,F(B] ) ,X{_I ) _T f1_) ,p
102(51,61) ,DLJMMY(lC)n),CI(Pnn),r)A_(61} _7N('_),XN(4),XZ(B),CH('_)_H(
137 _CHP(3},r_HP(3),CHM('_},_HM(3)_CHN(3) 9C;HN(3)9 RV_CI5n}
2_ XCOF.(2nC)),CO._I(SC),Sn_,CO_2(5n,5_):F_A__F(5C)) t AMAT(Sf)_50)tCCO_(5

30),C0£T(61,_ _),C_IN(50)_£1NT(&I_) _Tr_'MP(51,61)

i COMMON PA,C ,h,ZTA _AK _R'_]2 _N,NX__NLF)_NAA,NV _ALFA _ALOD,AMDAL _V _F _X _MD
] IAG _MORCS _R S 9XS ,Y q _CO£A I, COSA2 ._C£ _qO _T 9S INHK, 51NHDK, CO_HK 9COqHDK _N

i 2Z ,NTH ,°02 _AAB, R ,CR _r)_ICO(INT _E_FN, ALOr)I ,WK, TAR _ZTAN, ALFP,ALFSP ,r)rL7
3,C0_ DELTH,Ci ,DIN,NDIN,CN_N_£1, ISI,ZH,ZL, BVFC,AMAT,CO._I_CO
$2 _ERASE, XCOS,Z TAP _7TAM,CCOF. _COST ,C_I N _S INT _TFMP

_ELTA = YS-X£
_.IGMA = XS+Y._
TR = 2,(_*RS
IF( TR ) 14_!5,1_

15 IF(SIGMA) I_]6,16
1(5 IF(DELTA) 14,17,17
17 IF(TR-SIGMA) 1_, 18,1_
18 IF (SIGMA-DELTA) 14,19 _] 9

C IF PROGRAM GOES _'0 N14 AN ERROR HAS OCCURRED, EITHER 2R SIGMA OR
C DELTA ARE MINU._

14 STOP ??'(71
19 EX2R - EXPF(-TR)

EXSG : EXPF(-SIGMA)
EXDT = EXPF(-DFLTA)
EX2RS = EX2R/EXSG
EX2RD = FX2R/FXDT
SINHW_ : 0,0
COSHK = ] •0
TRMSG = TR-SIGMA
TRMDT;TR-DELTA
COHRS = 0.5*( EX2RS+ I,nlEX2RS)

SIHRS = O,5*(-EX2RS+ 1,nlFX2RS)
COHRD : 0,5"( EX2RD+ 1,O/EX2RI))
SIHRD = O,5*(-EX2RD+ I,C_IFX2Ph}

COHSG : 0,5"( _YSG + I,n/FX._G)

SIHSG : C).5*(-FXSG + I,n/FXSG}
COHDT = C).5"( EXDT + loO/FXDT)
SIHDT : C),5"( EXDT + I,m/EXDT)

COSHDK : O,5*(EX2R + I,_/FX2R)
SINHDK : 0.5*(-EX2R+ ],O/FX2R)

C IF THE ARGUMENT (EXCLUDING THO._E CONTAINING THr." INCRFMFNT K ) OF
C ANY HYPERBOLIC FUNCTION FXCEFDS 5,0 AN ASYMTOTIC APPROXIMATION
C IS USED TO COMPUTE T(K)

IF (COSAI-COSA2) 63_6_63
64 MII : 2

GO TO 163
6_ M11 : I

163 DO 50 K:1_12
IF (K-l) 51,51,52

51 T21N :Oom
T22N :0,0

T21D :O,C.
T22D =0,0
TM31=COSAI
TM32=COSA2
TANHK = 0.0
GO TO 53

52 AKK:K -1
IF (TR*AKK-60.0) 5_54_55

-- BS- T(K)--T(K-I)
80 TO 5O

5_ CALL SINH
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IANHK :: qINhK/(hS_!K -i16-
_21N = TANHK _- ,KIHRq
T22N =- YANHK _ _IHRA
T2ID =- I_N_K_ SIH.C,G
122D .--T/_,NHK _SIHOT
IF QUOTiFNT OVFRFLOW 56,56

_6 _,,v31 = CC_II/CC)SHK
IF OUOTIPNI OVFRFLOW 57,58

q7 TM_] =r)orl

_ TM'_2 = (('t_A_fC'N_HI(
IF' QLI(]T[FNr C,'VFPFLOW 59,53

5P TM32 ---n,(3
C IF 2RI( Iq GREATER THAN 6n.n wF AqqIIME THE qFRIF,q HAq CONVFRG_'F_

I C SINCF REMAINING FORWARr) r)IFFFRENCF£ ARP Eq£FNTIALLY ZERO53 IF ,TRf,_SG-5.O) 20,;'I_2]

2n T1N = ( COHRS • TP]N - TM_I)
* EX2Rq

, GO I0(65,22l, M]I
65 T3N = ( COHRS + T21N ~ TM32) _ FX2Rq

GO TO 22
21 IF ACCUMULATOR OVERFLOW 2_92'_
23 TMI = EX_R. c, _ TM31

IF ACCUMULATOR OVFRFLOW 24,255
P4 TMI = O.n

255 GO TO _25_27)_ M]I
25 TM2 = EX2Rg _ TM32

IF ACCLIMULATOR OVERFLOW 26927
26 TM2 =C),O
27 TIN = fl.5*(!.O+TANHK)-TM]

GO TO (66,22)9Mll
66 T3N = O,5_${I,O+IANHKI-TM2
92 ]FITRMDT-5,F_) P8)29)Pg
2A T2N =(COHRI_+ T22_N-TM31)_ EX2RF)

GO T:) ¢67,49}9MII
67 T4N - {COHRD +T22N-TMB2}-_FX2m')

GO .TO 49
2_ TM1 = EX?RD *TM_I

IF ACCIIMULATOR OVFRFLOW _09,311
qO TMI = 0.0

311 GO FO ()],__3),M11
_] "TM? = EX2RF) * TM32

IF ACCUMULATOR OVFRFLOW 32__'_B
"_2 TMF =O,O
33 "r2h ,=O.5* (I •O+TANHK )-TM]

GO TO (68,_9l_M]1
68 T4N = O,5_*(IoO*TANHKI-TM2
z_9 IF (gIGMA-5.0) 34_5_35
_C IJ.D =(COHSG +T21D --TM3ll*FX_G

G(') TO t60_fl,_Mll
69 T3D : ICOH._G + T2ID -TM32}'w'EX.(;G

GO TO 3?
35 IF ACCUMULATOR OVFRFLOW "_6,36
36 T_AI = FXSG * TM31

IF ACCI.IM,JLATOR P,VFI_FLC_W '_B,'_QQ
3g TMI =O,O

399 GO TO {39,_]),M11
_9 TM2=FXC,G_TM_2

IF ACC{JMULATOR OVrPFLC)a t_tlg_l
_,0 TM2 = 0•(I

_I TID = O.5*(I_OmTANNK}- TMI

GO T() (?r),_7),_11
70 T3D - 0,,5 *(IoO+TANHK) -I"M_
37 IF {DELTA-5.0) ",2 ___.3,43
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42 't2D = (COHDT + T22D - TV.'_])* FXI)T -117-
GO TO (71,72),MII

_ ;-_+r'_= (COHDT + T22r) - TM'42)* FXr)T

..SOFO hr)
43 IF AECtJMULATOP OvFPFLOW 44_4z_
44 TM1 = FXDT "_ TM3]

IF ACCUMUI_ATOR OVFPFI_OW 459&66
4£ TM] =o.,r

466 GO TO (46_48)_M11
46 TM2 = EXDI * TM32

_F ACC[JMULATOR OVFF_F[.OW 47_,&8
q'7 7M2 =0,0
48 T2D =OoS*(I,O+TANHK) -TlV]

GO TO (73,72),M]I

73 T4D = O,5'x'(I,0+TANHKI-TM2
GO TO 6n

7P VAR =(T1N/T]D .T2N/T21"))_*2
GO TO 74

6q VAR = T]N/TIDW-T2N/T2D*TRN/TSr).W-T4N/T4D
?4 T(K) =LOGF(VAR)

IF (MDIAG) ] I_,5_,].I'_
113 WRITE OUTPUT TAPE 4,169, DELTA,SIGMA,TR,COHRS,COHRD,_IHSG,.SIHr)T,CO

1SHDK _T21N,T21D, TANHK,TMI,TIN,T2N, T3N _T4N, T tD,T2D ,TaD,T4DgT (K) ,VAR
169 FORMAT(16HO £0 SURROUTINF /(1PTE16,7))
50 CONT INUE

VAR = T(I)-TIP)+TI3)-TI4)+TI5II2on

OM: I ,n
DIV: 2,0
DO 6] J=l ,7
OM=-OM

r)I V=Ib]V*2,0
M:F_ -J
DO 62 K=] 9M

62 T(K+A)=T (K+4)-T (K+5)
VAR= VAR +OM*T(5)/OIV

61 CONTINUE
SO = O,5*(RS-YS +(CS *VAR)I4,)
RETURN

END{O,I,O,],O)
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q,JBROUT INF £i -II8-
DIMFNmION &LFA(51 ),ALOFt( 1n ),AMmAL (Inn) ,V(] nN) ,F(_'I )t×(51 )9TRIP) '#

102(51,61) ,DIIMMY(INO),CI(2C_C_),DAM(61) _7N('_)gXNI41,X7(_')gCHI_)9_'H(

2, XCO£I2Or))gCOSI(SC_,50},CO_2ISn,Sn),FRA,_F(_n) ' AMATISn'%f_)gCCOC;(5
3n ), COF,T { 61 ,a ) ,CSIN ( 50 ) ,c, INT ( 619 _,} wT F_MP( .5196] )

COMMON PA,C _A,ZTAgAK _RT 129N _NAtNLD 9NAA*NV9 ALFA _ALOD 9AMDAL 9V _F t x 9MD
IIAG,MORC£,RS,X.£,Y£,COqAI,COqA2_Cq_qO,Tg-£1NHKgSINHDK_CO_HK_COqHDK'N

2Z ,NTH_PO2 ,AAR_R _CB _D_ ICOtlNT _E_FN _ALOr)I ,WK, TAR _7TAN _ALFP _ALFqR _r)FL7
3,C0, DFLTH,CI ,DI N,NDIN,CN,_N,S1, I£1,TH,TL _ RVEC,AMAT _CO_I,CO
/;q2 ,ERA£E. XCO_. Z TAP .7TAM .CCO_ ,CO_T, C_I N ,._ INT.,TFMD

C _NT EF_ WITH
C FN= NO. ORIFICF£, ZH= MAXIT_Z_TA). ZL= MIN(Z,TFTA)_
C ALOr).I= CURRENT (L/D},

C Iml: 1 FOR C] CALCIILATIC)N,
C = 2 RFQUIRF£ ._INF, CO._INF N*TH_TA,THF:TA,
C F:N THETA ICOtINT=]
C R:COSIF} TAP: n
C AAB=S_ N_ F ) CN=CO£ (THETA)
C CR: 0, qN: _IN(THETA)
C " D: ],
C FIRST COMPUTE ARGUMFNT_ AN[')INITIAL VALUE._,

1 ZN( I )=FN*ZL
ZN(2)=FN_(_LOhI- ZH)
7N _3 ) :FN*ALOIhI
FNN= FN+ FN
EMNZI= ZN(])
FMNZ2= FN*TN
FNZH=EMNZ2
_MNZ3: ZN('B)
8OTM= ENN- 1,,
ROTP= FNN+ I,

C COMPUTE EXPONENTIAL F!INCTION_,
3 DO 4 IQ=I ,_

XN(IO)= EXPF(ZN(IQ}
XZ'I)= EXPF(ZL}

XZ(2): EXPF(ALOr)I- 7H)
XZ(3)= EXPF(ALODI)
XZ;5)= XZ(2)/X?(3)
XN(4)= XN(2}*XN(1)/XN(3)
XZ(4)= XZ(5}*XZ(1)

C COMPUTE HYPERBOLIC FIINCTION£
5 DO 6 IQ=I_3

VA= ],/XN(IO)
VB: I./XZ(IQ)
CHN(IQ)= (XN(IO) + VA)/2,,,
SHN(IQ) = (XN(IO) - VA)/2.
CH (IO)= (XZ(IQ) + VB)/2,

6 SH (IO}= (XZ(IO) - VB)I2,
C STORE HYPERBCI_ IC FUNCTION. (; FOP M: _)o

Or) 7 IQ=] ,_

CHP( IO)= I,,
? SHP(IQ}'- t_,

OM : -l,O.
STS: C},

C NOW COMPUTE CO.qN_ ._INH OF- MN*TL_ MNWILID-TH)_ MN*(LID)
ASSIGN 8 TO NHA
GO TO 50C}

C RETURN WITH HYPERBOLIC FUNCT._ IN CHM, 5HM ARRAYS, N_'XT CO_PIITF
C UARI, UAR?t IJAB'_ II_ING HYP_.RRLC FIINCT._e

8 ASSIGN 9 TO KUABA
Gn TO 60t_

C RETURN WITH U#.P,,_,
iiiiiii
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<-_ ':J-': !,l_ql.7 {iAF'_%+ IIA_pI_C)TM+ r#AR2/r_r)rrJ -119-
c,D P ":"'=L

(.3("3It) ; ,. ,,,n , lg]
C FOLLC, WING COMP:I'rF< c-l_ v,i-Ip._,THFTA TFPM FNIFP';- c_gr- 2,

]0 A.q.e,IGN i; TO NI.S]2
CALL SINCO. (:,
SMN= D'w'CN
SMP=C R_-.C,N
C[ :£MN-'£MP
,C2--_,MN-SMP

11 ,'_I'__- OM'_{CI_-(IIAA1 • IIA_q?I'PC)'[M} +C,_fllJqq + IIAap/IqC)TP)I + C,T¢

OM--- -0 _,,
(10 TO NIg]29 (12,26)

12 FMNZI= FMNZI + ZN{q)
EMNZ#= FMNT2 + FNZH

; PMN_ = EM.N7] + 7N(] )
P,OTM = POTM + FNN
BOTP -- P_DFP + FNN

C ,gP,OVF £TATFMFNT.g ADVANCF gltMMATION INOFX M RY I,
]_ "IF fPtAN7"._-- R,O) 14_]4,17

C FC}''" :_ _..,.,,,vING COMPtJT c" _lA_,I-3 RY HYPFRROLIC FIINCTIC)NC,
14 Aq:'IIGN 16 T(')NHA

GO TO 5C)0
16 A.££IGN 24 TO NUARA

Gn TO 6on
C FOLLOWING FOR MN*{LIr)) GREATFP _,. TFjST MN*TL.

i'F IF (FMNZI- P.C)) 18,18,2_
18 IF (Pith!Z3- 50,n) 21,1g,l o
19 r'M =_H. (I) CH,',I(I:_,CHP(_.)+£HN{I)*_HP(]}

SHe!l} I--gHNCI )_ChP(I)-* CHNII)_<HP(1)
CHP,:I)= C_."tl )
<,_P(i )= gHU(1)
,x._..- cXpF. (FMNf2!

- ""* ! t ;/XgiJ/_ r4 _ (-, .., •

T(1): C'hl_,.I '_-,"H"I }

T{2. ;= F,HM "! )_.'qH[ I )
2n UA51.=. {T{ )-T(2_,)/(Xg# XTI-3)-_-PDTM)

UAP,_.:CtT( }+ T(2) I/X.£)*XT(_I/r_OTP
GO ,'0 _,q.

C FOLLC_WING COMPI!rF t)An]_'_ p.v HYPFRROLIC F_ll',ICTI(;t',!g.
2.1 A<SIGN 2;? TO NNA

GO TO 50P,

22 AS:",_GN 7'4 TO NtJARA
(;O TO 60.n

C FOLLOWING FVALtfATF _h_,Pl.-BPY ARYMPTO'I IC FhRMt_LAg.
23 UAR2= O,5*FXPF(FMNZ]-FMNZ2)

UAR'_ =- {iAF-,2/( )/,,7(A) *A_TM}

I_AR:_--" !IA_42-_XZ(4) /PC_TP

C F'OLLOWING CALCiUATF S¢IMF ANn CHECK CONVFRGFI_GFNCF.
24 SI:" c,i+ UAB] + IJAP_ .l. ,IARP/I_OTM + IIARP/RCITP

GO ,"3 (26,25),I_I
25 ARS.,'[_N 26 TO Nig]P

GO TO II

26 IF :SPR,;._I-0,0'.99|27,2H,28
_7 SPR,-- _l

GO TO 12
28 GO TO ._30,29i,IS1
,'9 ,ql-"gTS
_f3 _E.TtlRN

C CALCULATION OF _AfP_'_.ROLIC _:t_rtq OF MN*ARGI!_RNT,
5on DO 5hi IO- ],_

SHM_IO}-.- SHN(:,_)*CHPIIO} �CNNIIQ)*_HP_IO)
|m
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CHP( [0',- £HM([O) -120-
59)3..SHP(IQ)= SHM(IQ)

GO TO NH_I (8_16t22)
C CALCULATION OF lIAR1-3 USING HYPERBOLIC FIJNCTIONq,

6t30 UAR2 = CHM(1)_qHM(2)/CHM(_I
T(1]= CI,-tM( t I ._CH( 1 )
T(2)= .SHM( 1 )_-SN(11

T(3)= SHMI2)'_qH(2)
T(4}= CH_,:{ 2 )*SH(2 )
T(5)= CFIM(3 )*CH(3}
T(6)= .SHM ( "_ ) -_-SN ( 3 )

' 601 UAB!.= ((T{I._-T(2})/IT(5I-TI6})I_ITI3)-T(4)I/ROTM

l UAB3= ( ( T{ ] }+T (21) I(T(5)+T(6 I ) 1_{ T(_I*T(4.) )/ROTP
GO TO NUABAg(9924]
END( 0 _! _Oil _C))

-__h ,"
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SUP,ROUTINE .qUF',P1 -121-
C THIS SUBRO_ITINF COMPUTF.q THF FIRqT ORr)FR PRF.qqlJPF-:PROFILE
C WHICH UPON EXIT FROM THE ROUTINE 15 STORFD IN P02, THE
C 5i AND SO_ SURPROGRANI._ A_F t_ql:'r),POP1 = {U!+_;2)_l_3 _,
C POPI/(P02) = Pl
C U]+U2 INVOLVE c,tl¢l:"OF <l

DIMFN'.ION ALFA (5I ),ALOft(I?)),AMF)AL(Inn) ,V(IOn) tF(51) tx(_l }oT (1_) ,P
I02(51,61) ,D(.IMMY(I('I_I,Ci(PnhI,r)ANIf61},/N(_),X'N(4)gx/(r_}gCH('_I,_H(
I._)_,C.'iP(31 ,SHP( 3 ),CHM(3 ),.qH*',,I("_),CHN ("_)9qHr,l(3 }, P,VF'C(5h)
29 XCOS(20C)tCOSI(50,50}._COC.2_(5095?)}gFRA.qE(5_) , AMAT(5_9_h} 9CCO.q(5
3,"),),CO._T(61,3 t,C.qIN(501 ,_INT (61,3) ,TEMP(5] e61 )
CO,_ON PA tC9A,ZTA, AK _RT] 2,1%9NAgNLD 9NAA,NV,ALF'A 9ALOD _AMDAL,V _F'gX,MD

IIAG,MORCS,RS,X% 9YS,CO.RA] 9CO_AP_,C.q,.qO,T,.qINHK, qINHf)KtC'O._HK,COqHr')k'9N
2Z,NTH,P02 ,AABg,_ 9C8,D, ICOt)NT,F,FN, ALOD I ,WKtl"AR ,ZTAN 9ALFPtALF,qR 9DFL7
3_C09 DELTH,C1 ,DI N,NDIN 9CN95N,._1, I ql ,TH,TL, BVEC,A_AT 9C0_1 ,£.0
kS2 ,ERASE,XCOS,Z TAP 97TAM _CCO c _CO':,T_Cq IN_S INT, TFMP
VAR = FN'W'DELTH
E: -VAR
IS]=2
FMPT= -CO'W-FN/'_.I_.ISq2T_n,'I5
DO ? J=l 9NTH
E=E+VAR
?- OoC_
CN=COST (J,2)
SN=SINT (J,2)
ZH= ZTA
DO 2 I=I,NZ
CB=O.O

ICOUNT = 1
TAR =0,
B= COST(J,3) '{
AAB= SINTIJ93)
IF(I-NZ) 3,2_2

3 IF(Z-ZTAM) 5,5,6 _
5 ZL-Z

GO TO 7
6 IF(Z-ZTAP) 899,9
8 ZH= ZTA

ZL=ZTAM
CALL ,e-,l
TEMPI I,J)= S].
ZH-'-ZTAP
ZL---7.TA
CB-- (i. . '"
D= 1,
ICOUNT -"I

B= C03T( J,3 )
AAB= 5INTI J_,3)
'CALL 51 -
,51= O.5_'(51+TEMP(ItJ)) _ ;
GO TO I0

ZL= ZTA _'- -
7 CALL 51 -.,- _- ,

1.t1 TEMP{I_J)= 51 #FMPT .,._:_ -

2 CONTINUE ,_._: . .__,............ _ :

"DO IlJ=I_NTH =....;•
L ,j _ _ '""

L-
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SUBROUTINE SINH -123-

DIMFNSION ALFAI511,ALO_(IO),AM_ALflnn),v(Inn),=(5II,X(BI}_T{I_I,P
102(5!,6]) ,DIIMMY(IOO),C](2_},DAMI61) .7N(_),_N(4),X7(_)gCH(_19_I
131_CHP(3),SHP(3)_CHM(3),qHMI_)gCHN(_),£HNl_)_ RVFC(5_}
_9 XCOS(2oO),COS](Sn,50),CO£2(SN,5_)_FRASE_50) , AMATIS_tSO)gCCO£I5
30)gCOST(61,3)gCSIN(50),SINT(6]o3)gTFMP(5]t6])

COMMON PA_C,AgZTA,AK,RT]2,N,NA,NLDgNAA,NV,ALFA,ALOD,AMDALgV,F,X,MD
IIAG_MORC£,RS,X£,YS,COSA].,CO£A2,C£,_O_Tg£INHKg£INHDK,CO£HK,CO_HDKgN
2Z_NTHgPO2_AAR_R_C_,_,[COUNT,E_FN,ALOD[,NK,TAR,ZTAN,ALFPgALF£P,DFL7
3,C0, DELTH,C],DIN,NDIN,CN,£N,S],[£1,7H_7L, RVFC,AMAT,COA19CO
&S2_FRASE,XCOS,ZTAP,ZTAM,ECOS,CO_T,C£INgSINT,TFMP

£INHKI= £[NHK_COSHnK + £INHDK_CO£HK
COSHK = £[NHDK_SINHK + COqHDK_CO£HK
_[NHK =£TNHK]
_PT[IPN
END(O_I,O,],O}

C SINE COS SUBROUTINE -- DUE TO POSSIBLE RO[INDOFF FRDOR I_ THI£
C ROUTINE EVERY TENTH SET OF VALUES IS COMPIITED USING A £E_]F_
C OR EXPONFNTIAL APPROXIMATION ROLJTINE AAR=SfN(DARG)gR=CO_(_AR_)
C CB=SIN(ARG), D=COS(ARG)

S_RROtlTINE _INCOS

DIMENqION ALFA(_]),ALOD(]O),AMDAL(Inh),V{_fln},F(_]),X(_I}_T(_)_P
102(51,61) ,DLI_:_Y(IOO),C](POO)_DA_'(6]} _?N_),XN(4),XZ(_),CH(_)_H(

!3)*CHP(3)_SHP(3),CHM(3),SHu{3},CHN(3),SHN(_), RVFC(SG)
2, XCOS(2OO),COSI(50_5OI_COq2(Sh,50),ERAFE(50) , AMAT(5O_50),CCO_(5
30),COST(6],3),CSIN(BO),SINT(61,3)_TEMP(_I_61)

j COMMON PA,C,A,ZTA,AK,RX ] 2,N,NA,NLD_NAA _NV_ALFA,ALOD_AMDAL,V _F_X _MD
[IAG,MORCS,RS,XS,YS,CCSAI ,COSA2,CS,SO,T,SINHK,SINHDK,COSHK,COqHDK,N
2Z,NTH,PO2,AAB,R,CB,D,[COUNT_E,FN,A_ODI,WK,TAR,ZTAN,ALFP,ALFSe_D_L7
3,C0_ DELTH,C1,DIN,NDIN,CN,£N,SI,ISI,ZH,ZL, BVEC,A_AT_CO_I_CO
4S2,ERASE,XCOS,ZTAP,ZT_M,CCO£,COST,CS]N,SINT_TEMP
IF (ICOLINT-IO ) 1,2,2

2 FIC = ICOUNT

TAR = I,n+TAR

CB = SINF(FIC _TAR*E)
D= CO_F(FIC*TAR._E)
GO TO 3

1 ICOUhT =ICOUNT +I
=IC = B_C_ + AAB*D
D = -AAB*CR + R*D
(n =FIC

I RE?URN
FND(O,I.n,I,O)

i
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C DOUPLF INTEGRATION OF WK --// PK CO£(TH} DTH DZ • THE THETA I_ANGF
C Iq APPROXIMATED BY TRAPF7OIr)AL PULF. THF 7 RANGE I_ APPPqXIMATFIb
C qY £IMP£ONq RULE.

qURROLIT I NF LCAL C
DIMENSION ALFA(51 ) _ALOD( ' C_)9AMDAL (lC_r_) ,V(lc_r_) ,F (51) ,X (51) ,T (] 2), P

102(51.61) .DUMMY(lO_3),C]t20n).DAM(61) ,ZN(_),XN(4),XT(5),CHfB),_H(
13),CHP(3) _SHP(3),CHM(3),SHM(t),CHr!(3),_HN(t), RVEC(Sn)
2, XCO£(2OO),CO_I(50.50),CO£2(50,5_i,FRA£F(SN) . AMAT(509513),CCO_(5
3N ), COST ( 61,3 ) ,CSt N ( 50 ) ,_ INT ( 619 _ ) ,TEMP ( 51,61 )

COMMON PA 9C ,A_ZTA, AK ,RT12 ,N,NA, NLr) ,NAA ,NV,ALFA,ALOD,AVDAI_ ,V, F, X ,MIb
1[IAG 9MORCq ,R£ 9XS ,YS _C0£A1 ,C0£A2 ,C£, £O_,T ,S I NHK, ql NHDK ,CO£HK, CO qHDK, N
2Z ,NTH,P02 _AAB, R, CB ,O_, I CO[INT, E9 FN, ALOD I ,WK ,TAR,ZTAN,ALFP 9ALF_P,D#L 7
3_C0, DELTH _C1 ,DI N,NDIN,CN, £N9£1 ,_[ £1 ,?H,ZL RVEC _AMAT,CO£1,CO
4S2 _ERASE _ XCOS _Z TAP ,_ZTAM ,CC0£ _CO£T _C_IN, £ INT _TFMP

COSTH =1 ,N -124-
r)Z3 = DELZ/3,O
TDZ3= DZ3+DZ3
FDZ3=TDZ3+TDZ3
NX =NZ-2
WK=O°O
DO 1 5=I,NTN
VAR:O,O

i
VARI= P02(I,2)
COSTH= COST(I,2)

3 DAM(1) = DZ3_(P02(I,1))
DO 2 J=3,NX,2
VAR = PO2(I,J) + VAR

2 VAR1 = PO2(I,J+I) + VA#I
DAM(I)= DAM(I)+TDZ3_VAR+Fr')z3_VAR1
DAM( I )=DAM( I )*COSTH

1 WK=WK+DAM(I)
[ WK= (WK-(DAM(1)+DAM(NTH))XC),_)_DELTH

_ETURN
END( C)_,I,0,1,0)

i
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-125-

COMPUTER PROGRAM PN0045

Static Load for Infinitely Short

Journal Bearing with Line Source Feeding
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C MECHANICAL TFCNOLOGY�INC, jORGEN W.LUND i2-8-i962
: C PNOO45=INFINITELY SHORT HYDROSTATIC JOURNAL BEARING

DIMENSION VLST(2OO),FLST(2OO)�FPL(2nn)�CS(2nO)�DWt?nn)tDUM(5_O)w
IDWI(2nO) -126-

2OO READ INPUT TAPF 2_I00
READ INPUT TAPF 2,101
READ INPUT TAPE 2,105,NV,NLL,N_P�NTH�NDIAtINP

READ INPUT TAPE 2,106,(VL_T(1),I=I,NV)9(FL_T(I}_I=I�NLL)
]9(EPL(1),I=],NFP}
WRITF OUTPUT TAPE 39102
WRITE OUTPUT TAPE 3,100
WRITE OUTPUT TAPE 3,!01

: WRITE OUTPUT TAPE 39103
WRITE OUTPUT TAPE 3,104,NV,NLL�NEP,NTHtNDIA�INP
WRITE OUTPUT TAPE 3,]07
WRITE OUTPUT TAPE 3,108,(VLST(1)�I=I,NV}
WR_TE OUTPUT TAPE 3,109
WRITE OUTPUT TAPE 39108_(FLST(1),I=l_NLL)
WRITE OUTPUT TAPE 3,110
WRITE OUTPUT 'rAPE 3,108,(FPL(IJgI=I,NFP)
DIN=NTH
DTH:3,1415927/DTH
NTHE=NTH+I
TH=O,O
DO 201 I:I,NTHE
CS(1)=COSF(TH)

201 TH=TH+DTH

DO 205 J=I,NV
V:VLST(J)
V2=(V_V-I.0)*4,0
DO 205 K=I,NLL
FL=FLST(K)
A=FL*FL
A2=O.5_A
DO 205 L=19NEP
EPS=EPL(L)
W:O.O

i W2:0,O
DO 202 I=I_NTHE

: CTH=CS(1)
H6:(I,O+_PS*CTH)_*6.0
TH=V2/A*H6
IF(TH-,O001) 207,208,208

207 Q=V2/4.0
GO TO 209

208 Q=A2*(-I.0+SQRTF(I,O+TH))/H6

209 OI:Q+I,O
QSR:SORTF(OI)
DW(1)=(QI_OSR-I,0)/O_CTH
DWICI)=QSR_CTH

W2=W2+DWI(1)
202 W:W+DW(1)

W=DTH_(DW(1)+DW(NTHF)-2,0wW)/9,O
W2:DTH_(O.5_DWIII)+O,SWDWI(NTHE)-W2)
WI:I.2732_95*W/EPS
iFCNDIA_ 203,204,2_3

203 WRITE OUTPUT TAPE 3,111-
WRITE OUTPUT TAPE 39112,V,FL,EPS,V2,A,A2,DTH,TH,CTH,H6oOIOltO_9
IW,W_
WRITE OUTPUT TAPE 3,113,(C$(1)tDW(1),I:I,NTHE)

204 WRITE OUTPUT TAPE 9,114
WRITE OUTPUT TAPE 3,115,V,FLtEPS�W_WItW2

205 CONTINUE
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IF(INP) 206,200_206 -127-
206 END FILE 3

STOP 77777
I0_ FORMAT(72HO

1 )
101 FORMAT(?2H

1 )
102 FORMAT(84HI PNOO45=INFINITELY SHORT HYDROSTATIC JOURNAL BEARING

I JORGEN W,LUND 12-8-1962 1
I03 FORMAT(9OHO NO.PR.RATIO NO,L/D*LAMBDA NO,EPSILON NO,THETA

I DIAGNOSTIC INPUT )
104 FORMAT(18951!5)
]05 FORMAT{615)
lh6 FORMAT(IP&E15.7}

Ih7 FORMAT(IBHO PRESSURF RATIOS)
108 FORMAT(IP7E16,7)

109 FORMA"(18HO L/D_LAMBDA-T )
I]0 FORMAI'(12HO EPSILONS )
III FORMAT!18HO DIAGNOSTIC )
112 FORMAT(IP6EI6,7)
113 FORNAT(1P2E16,7)
1!4 FORMAT(IOBHO PRESSURE RATIO L/D_LAMBOA-T EPSILON

1 DIMENS,LOAD 4/PI*LOAD/EPS, CENTER LOAD )
115 FORMAT(lP6E]8,?}

END (0_091)

i
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COMPUTER PROGRAM PN0047

Dynamic Load for Journal and Thrust
Bearing with Line Source Feeding
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C MECHANICAL TFCHNOLOGYgINC. JORGFN WoLLIND 9-P-62
C PNO047 DYNAMIC LOAD FOR HYDROSTATIC JOURNAL AND THRUST BFARING

DIMENSION FVFE(IOO)gFLA_(IOO),FSIG(IOO)_FALFAI26)gFXIISO)_CGA_(50)
I,QSTISO},PR2ST(50_gPRST(50),G(IO1),P_(IOI),PZG(IOI)gPRI(I01)_
2PII(IOI),PR2(IOI},PI2(IOI),SR(IOI),SI(IOI),TR(IO1),TI(IO1),VR(I01}
3,VI(IOI)_TSR(IOI),TSI(IO1),TTR(]OI),TTI(IOI),TVR(Inl),TVI(10!},
&DUMMY(tO00) -129-

20O READ 100
READ 10!
READ I02,NSIGgNLAM_NVEEgKOPl,NX,NGAM_MTgNDIAG_NPR,FKA
READ I039(FXI(1)_I=I,NX)
READ IO39(FGAM(1)9 I:I,NGAM)
READ I039(FVEE(1).I=19NVFF)
READ 103,(FLAM(I},I=IgNLAM)
READ I03,(FSIG(1)gI=I,N_IG)
READ 103,(FALFA(I}gI=2926)
WRITE OUTPUT TAPE 3_115
WRITE OUTPUT TAPE 3,120
WRITE OUTPUT TAPE 3tlO0
WRITE OUTPUT TAPE 3_I01
WRITE OUTPUT TAPE 39136

WRITE OUTPUT TAPE 39137,NX,NGAM,NVEEtNLAMgNSIGgKOPI,MTtNPR,NDIAG_
1FKA
WRITE OUTPUT TAPE 3,131
WRITE OUTPUT TAPE 39124t(FXI(1),I=l_NX)
WRITE-OUTPUT TAPE 39132
WRITE OUTPUT TAPE 3,124,(F_AN(1),I=I,NGAM)
WRITE OUTPUT TAPE 39125 :
WRITE OUTPUT TAPE 3,124-_(FVEE(1),I=ItNVEE)
WRITE OUTPUT_TAPE 3,123
WRITE-OUTPUT TAPE--3,124_(FLAM(1),I=1tNLAM)
WRITE OUTPUT TAPE-_,126
WRITE OUTPUT TAPE 3_I24_(FSIG(1),I=I,N_IG) -- :
WRITE OUTPUT TAPE 3_127
WR_TE OUTPUT TAPE 3,124,(FALFA(I_)_I=2,26)

C CALCULATION OF ORIFICE FLOW TABLE
FALFA_I)=I,O-

-EX6=2.0/(FKA+I.0)
EXI=I.0/{FKA-I.0)
EXT=(EX6_EX1)_SQRTF(EX6_FKA)
-EX4 =.2.0 *_EX1

EXI:FKA*EX1 -
CRP : EX6 ** EXI
EX3= SQRTF-(2.0_EXl)
-EX2= I®OIEXI
EX5 : -EX2 -
EX6 = 1.OIEX6
EXI=I.0/FKA
bIT =(1.0 -CRP)/50.O

- :CX=CRP '

DO _SB I=1_50
CX = CX+DIT _
C5-= CX**EX1

QST(1)=EX3_CS_SQRTF(1,0-CX/C_)
PR2ST(I}=CX_CX

258 PRST(I)= CX
_AME=MT

C INITIATE L/D LOOP
DO 2_2 IA=I_NX
FLD=FXI(IA)
DELTa=FLD/AMF
DELTAS=DFLTA_DELTA .-
IF(KOPl| 202_01_202

i
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201 P2LD:FLD -130-,
GO TO 203

202 P2LD=LOGF(FLD)
INXTIATE LI/D-LOOP

203 DO 242 IB=IgNGAM
FLID=FGAM(IB)
IF(KOP1) 2049205,20a

204 FLG=LOGF(FLID)
8ETAT=P2LD/FLG
B_I=RFTAT+]=_
GMNV=!,_IFL1D
FRFT_loO/(FL_FLD)
DELTA=(FLh-I_O)/AMF
DELG=(I.0-GMNV)/AME
INITIATE PRESSURE RATIO LOOP

205 DO 242 IC:I_NVEE
V=FVFEiIC)
V2=-V_V
VNV=loO/V2
INITIATE LAMRDA-T LOOP
DO 242 ID=IgNLAM "-
FLT=-FLAM(ID)
CALCULATE DIMENSIONLESS FLOW AND ORIFICE PRESSURE

25g Cl=FLT_P2LD_V
CX=SQRTF(I,O+CI_EXT)/V
IF(CRP-CX) 22392229222

222 P2:FLT*V*EX7 /-
C1=1,5"P2 _ "
C2=0,0- -" '_
POO=CX_V- .... _ "
SLP:O,O " -" -
VC=l,O :, -,
GO TO 244 _ "

273 C2=V_CRP_CRP=I_O-CI_X7
MTST =0"=
L=2 --
C4=2,0_DIT "

261 M=2
262 VC= FAEFA(M),,
263 C5=V2 * PR2ST(L)-I,0-Ci_VC_ QST(L)

CX=_RStIL)
265 IF (MTST) 2669266_2_] "
266 C6=C5_ C2

IF(C6) 268_2689267
267 L=L+2

M=M+I
C2=C5
IF(L-50) 262o26_t27_

268 MIST =I- -_
C7=C5
L=L-1
VCM = FALFA(M-1) _,

VCS=VC
DVC=! VC- VCM)IC4
VC = (VC+VCM)/2,O
GO TO 263

231 Cl = C_ _ C4
C1 = 2.0_(C2+C7-2o0_C5)/C1
C3 =(C7-C2)/C_'
IF. (C1) 233o232o2_3

2_2 C_= -C5/C_
GO TO 2_8

233 C_= 0,5" C_/C1-
i
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C6= _ORTF(C_*C4-CS/Cl) -131-
IF(C41 23492_5,235

234 C6= _.C6
2_5 C6- ¢6-(I_
2_6 C6= CX + C6
237 P2=IV2_CX_'CX-loO)/P2LD

POO=CX*V
EX_':CX_*EX1
CI=I,,5*P?
VC=VC+C6*DVC
C4=VC*FLT_V
C4:_P2/C4
C5==DVC/VC
C6=0,5"VC
C2=C6_'FLT/POO*i£5*C4+EX4_EX2/C4e(EX6-EX2/CR) )
SLP=-2,0*CPIFLT*PO0

244 ;F(KO01) 2459271_2t_5
C JOURNAL BEARING CALCULATIONS

271 PO(l )=PO3

MTST=I+MT _.
= C4=P2_DELTA

C6=P2"_FLD-£4
DO 213 J=2_MTST
PO( J ) =5ORTF ( 1,0.+C6 ) '_ _. "

• 213 C6,=C6-C4

-. C INITIATE FREQUENCy NO, 'LOOP :-... .-. ;.
-DO 246 J=I.,NSIG _ __. ,- _
'$1G=FSIBIJ.) _ ;.-,: ° " .......-:....._ .... '

C _ CALCULATE A'B-_C AN_D"D ANO_CENLTER_ LOAD C6Ns_'_N;I'_S: -" °:;: _ :_
SG.°Z $IGIPO0 _ ": Z . ] ._ ,('. =

FFC I =SIG/PO0 : ._ - .. .. : +_ .
- FUNK=i",O+FFCI*FFCI . " " : " : "

c .

A£ -= $ORTF ( " FUNK) - _ - _ o- :
BETAJ = _,L -:lqrO o- _:" "-_ " ....
BETAJ = $ORTF(O,5* BETAJ| -_ _-.- ,_ _.--_- ,

. AL = AL +1_0 ....
AL. = SORTF fO,5:. * At.') _:.

-- FFCR=I _0/( FUNK_PO0 ), " ' "
FFC I=-FFC II (FUNK_.PO0 ) '-

-_ FSPR--$! G/FUNK_$ !G
__ FSPI=$IG/FUNK*PO0

$H2 A= 2•O_F L]D*A L " -_
SH2A=EXPFISH2A )_ .. -- - "
SN2R=IoOI_H2A . - " " "_
CH2A= ($H2A+SN2B __0,_ ....
SM2A= ( SH2A-$N2q )_0,_ _

C$2B-COSFISN2_R) -_ _ ,
$N2R=$I NF ( SN2B ) : -
CTR-CI-_A+C$_.R- - : _- .. '. _- "

THR= (AL*$H2A-RETAJ*SN2R |/CTR _ _ _ ;
THl = ( AL_$N2R4-RF.TkJ_sH2:k )Ic'rR_ o

I_IFL1D). 211 _219_211 .... _ v.
21 ".-CTl_=O,O ,-

_' FSPR=O_O" " "
FSPl=O,O -
GO TO _1_ :' -.-

_211 CTI=¢H2A-C$2R ....
-CTR= ( AL*SH2A4_ET&JeSN211 t tOT I
CT l _ I BETA_SH2A-AL_$N2R ) let I _ _- . - _- '

212 A',C| e_SPR_TH|tFSI_I. _ ;, " " :-_
m=tk ,tlr-,p t 4,¥M| _Sl_ - .- -.

I
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C---'_MR+C2 --132-
D--THI

C FINITE DIFFERENCE FOUATtONS
FF=OoO
K-]
M=MT+I
DO 207 N=lgM

207 GIN)=SIG_PO(N)-
218 OR=0,5*DELTAS

OI =OR/P00*._IG
PR=OR_FF , ""
PI=OR_G (I )
.SR(1)=O.O
$I (1 )=0._
TI (I)=f).O
TR(1)=_.O. --

_ DO 209 N=2_M"
SR(N )=.SR(N-I )+PR+DEL-TA_A .,
SI (N;=SI IN--1)+PI+DELTA_B
TR (N}=TR(N-1)+OR+DELTAiC
Tl (N)=TI (N-1)+OI+DELTA_D _

i

IF"(N-MT) 208_208,210 "+-
: 20A C6=SIG/PO(N_ _ .... .

' .J PR=PR-i-DELTAS_(SR (:N)-C6_$liN l 0::: +
• .Pl=Pl +DELTAS* (S I(N)+C6*._R (N)+G(N )) "_ -..... ._' :

QR=OR+DEL TAS'_( TR( N ) -C6"tT I ( N ) l _ . _- +S +--,,+::_-
-::: :_.209 OI-C_I+DELTAS*ITi(Nt+C6*TRIN)l" - + _-' . -: o:_.:.:_.-_:_:_++,+:._':_':+:::+-"++_;

_ . -_+_++ ai 0 +t}HRI-= TR I M+)++TR(M')+ T'Ii.M)WT,I:+(MI__+ ;: _:};::+:_!-;_:-_;::::;_-:++-+_-++:+:_+++-++_-_"+°; HI O= ( T1 {M) ++SR(MI-TRIMi'w$I_L_|c:iDH_I!_:-_::_: - ... ."+ ' .:,:.-.:._!_:_'."i:.+."_''-,'_

-J.... ,, :HR0=,(TI£M-_+SI (Mt+TR_._4|+tSR.(_4) i)_|._ -!-:_: " ' . ,. : ..":::{"i.:!."iC"

.:EAR_NG':LOAI_,TR"N-__-_'BI ASL_:_ION :: ° : _'_ :':"::;":_'.,u:¢ -- JOURNAL ': " . : ::-':""_'":'":;';+
• +_'+_ :,_ '.... p:,-..,...'

- • 600 REL=O,,O - -:_+ " °+ -
: : EEL=0'0 -++ +" +-+ :: " " " -":.

.......... : .... -+ --_0 302 N=I_M-=:" ' +- ' . + ::....... ..............
*_- + .... I:_RI(N)=I_RINI+TRI'NIeHRO;YII_IilMI_)IP.II(N|_--<-" _;'o" ::'_":"::-.-,+ __

-- pl I(N) =-($I(N),+TR(N t.HIO+TI IN|_HRO-l°ipf)lN| : -.

" REL=REL+PR1 _.N) .... :. _ .... :.+i.:"'":_ :,_,.
_" 302 EEL=EEL+PIIIN) ._ " : " -/" ' '

i REL=DELTA.i'IO.5tPR1 (t)-REL), - -: : ''_ ' /_ ':_:"
i EEL=DELTA_ lEEL-OeSiP|. ILI I ll - . " " ._- : ..: : .-_-.,:'._

IFIFLID" 21_15:,214 - .+ :...+ :--- : +_"_z_+-'-+::"++_'_-'.':::.
-+ -- ECL-O-eO - - _- - ;:- ' _-..............._+_

GO TO 216 +," :. " -:"+.....+:+-:'+
?-I.4 RF=HRO+F_PR - _. -'- --" °"_ '+:• - ._, + , , _, -_(.+-+,+

EF-HI0+FSPI :_ , + " . - -._--<
C6=RF_THR.EFI_rH | - +,o " -+- ' -: ++:-'.-;::::::_<
EF=RFITHI +EFtTHR-$GPZ_FL _D ': " - _ " :+..... +'++ __

F-FCR+_C6+FFCttEF ;_ --RCL=_" " -- ' "
" ECL FFCRIE'F+FFc IIC6 ...... -- '

+"- -- I_ - . _. + . _ :: ,' ,-,216 C6-REL+RCL - .........
C4,_,.IEEL,I, ECL ) .... - -- ._

-VI.I.§?O1963/IFLD+_Llui_S_TFIC6iC_.I, C4_C4I " "':'
THET_'ANG (C_ e¢_ t +

-C JOURNAL .BEARII_ MOME'NTtROTATION: ,:.... --- :"
" " FF-Ct - " .... . -

+- t, •

K-2 , - '
- -'- '' C:_FL1D •- -" "- : '.- - - - "": "- "-"Y.... " ":._'.:'i. _-"

M . ,- -_........ -:,.....:::..,;,;6,:DO _t't N- I, .. - .. - .:+_+ -.... ...... _:...+
+: ......: .... >- +61N | :Ot fl l'i_+ ...... ':' '_----':'r_+ ':+ '; + ';: :'+' _ : ........ :" ........ k+' '' .... ;" '+:+

- _ ..... ., • . : - ,. ,+ +., , . . . : r_',,_.

, :+ + +: ++ ":!i! ?('.,-+A-FL1D_(C_,4" - ICtl -++:"+++_ '" :+: '+ .:- ++. .:_+:, . .:..,'., . ,,,._.,,, <.:.:.'+

1965012960-140



B=FLID*(FSPR*CTI+FSPI*CTR)-FSPI -133-
C=CTR+C2
D=CTI
HTRZ:HRO
HTEZ=HIO
60 TO 218

6n1 _EM=O,n

C4=FLID

DO 270 N=]gM
PR2(N}=(SR(N)+TR(N)_HRO-TI(N)*HIfl)/PO(N)
PI2(N)=(SI(N)+TR(N)_HIfi+TI(N)*HRO)/Pn(N)
REN=PEM+C4_PR2(N)
EEM=EEM+C4*PI2(N)

220 C4=C4+DELTA
REM=DELTA_(O,5*PR2(II*FL]D-REM)
EEM=DELTA*(EEM-O,5*PI2(1)*FLID)
IF(FLID) 2249221,224

221 RcM=n,o
EC_:O,O
GO TO 225

Z24 RF'=HRO R
EF:HIO+FLID*FSPI
C4=FLID*CTR-I,0
C6=FLID*CTI
ECM=RF*C4-EF*C6

C4=RF*C6+EF*C4-SGPZ/3,0*(FLID**3_
RCM=FFCI*C4-FFCR*ECM
ECM=FFCR*C4+FFCI*ECM

225 C6=REM+RCM
C4=-(EEM+EC_}
RMT:O,785398161(FLD+FLID)*SORTF(C6*C6+C4*C4)
THMT=ANG {Cb _Ca)

C JOURNAL BEARING OL'rPUT
WRITE OUTPUT TAPE 3,106

WRITE OUTPUT TAPE 3,107,FLDgFLID_V_FLT_SIGgP2tCX
WRITE OUTPUT TAPE 3,108

WR-ITE OUTPUT TAPE 3,1079POO,VC,SLPgHTRZgHTEZ,HRO,HIO
WR?TE OUTPUT TAPE 3,109
WRITE OUTPUT TAPE 3,110,W_THETAgRELtCEL,RCLgECL
WRITE OUTPUT TAPE 3,111

WRITE OUTPUT TAPE 3,110,RMT,THMTgREMgEE_,RCM_ECM
IF{NPR) 24092469240

_4h _R_TF OUTPUT TAPE 99117
WRITE OUTPUT TAPE 3,11_
C_:FLID

DO 741N=_gM

WR_TE OUTPUT TAPE 39110,C4_PO(N),PRI(N),PI1{N),PR2(N),PI2(N)

266 CONTINUE
GO TO 242

C ?HRUST BEARING CALCULATION
2a5 A:BPl*C1

_:BPI*C2
M=I 02C?=_ETAT*P2

C4=l,n
C5:1,0
C6:I,O+P2*P2LD
DO 247 N=I_M
C=LOGF(C4)
D=LOGF(CS}
PO(N)=SORTF(C6_P2*C)
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PZG_N)=SORTF(C6+C!*_) -134-
C4=C4+DELTA

2_7 CS=CS-DELG
C INITIATE FRFOUFNCY NO. LOOP

DO 290 J=lgNSIG
SIG=FSIG(JI

C FINITE DIFFERENCE FOUATIONS
K=I
ERC=O._
FRC_'O.O
ER=O.O
FR=_.N

248 ADR=DELTA
BDR=DELTA
_-OeO
D=O.O

DO ?Lq N=lgM
249 GIN)=PO(N)
250 C3=I.0

CA=I,O+RDR
FR(1)=O.O
SI(1)=O.O
T_(1)=O.O
TI(1)=h.O
VI(1)=O._
VR(1)=I.0
C6=0.5*ADR
PR=C6*FRC
PI=C6*SIG*PO0
WR=C6*ERC
WI=C6/POO*SIG

OR=O,O
OI=O.O
DO 2_4 N=2_M
CS=i.OGFlC4IC3)
_R(NI=SR(N-1)+CS*(PR-C)
SI(N)=SI(N-I)+CS*Pl
"FP(N)=TR(N-1)+CS*(I°O+QR)
TI(Ni=TI(N-1)+cS*OI
VR(N)=VR(N-I_+CS*(WR-D)
VI(N)=VI(N-I)+CS*WI
IF(N-M) 25]9255,255

P51C3=C3+BDR
CA=C4+RDR
FE=G(N}
EE=SIG/FE
FE=SIG*FE

IF(K-2) 25392539252
252 FE:FE*C3

FR:FRC/C3
ER=I°O/C3
ER_ER*ER

253 CS=ADR*C3
PR=PR+CS*{ER*SR(N)-FE*SI(N)+FR)
PI=PI+C5*(ER*SI(N)+FE*SR(N)+FF)
OR=QR+CS*(ER*TRIN)_FE*TI(N)}
QI=QI+CS_(ERITIIN}+FE*TR(N})
WR=WR+CS*(ER*VR(N)-FF*VI(N))

254 WI=WI+CS*(ER*VIIN)+FE*VR(N)]
255 GO TO (256927R_270_278)oK
270 FRC=-CI*BETAT
256 ADR=DELG
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C=A -135-
D=B
DO 257 N=I_M
G(N):PZG(N)
TSR(N)=SR(N)
TSIINI=SIIN)
TTR(N)=TR(N)
TTI(N)=TI(N)
TVR(N)=VR(N)

257 TVI(N)=VI(N)
K:K+I
GO TO 250

278 DI:TSR(M)
D2=TSI(M)
D3=TTR(M)

D4:TTI(M)
DS:TVR(M)
D6=TVI(M)
GI=SRfU)
G2:S!{M)
GB=TRtM}
G4=TI(M)
G5:VRiM)
G6:VI(M)
C3:D4*G6+G3*D5-D3*G5-G4*D6
C4=D3*G6-_D4*G5-G3*D6-G4*D5
C5=DI*GS-.D2*G6-G!*D5+G2_D6
C6=DI*G6+D2*G5-GI*D6--G2*D5
C7=C3"C3+C4"C4
HPR: (C5"C3-C5"C4} /C7
HPE: (C5"Cz_+C6"C3)/C7
C5 = D3*G i -D4*G2-G3 *D I+G4*D 2
C6=D3*G2+D4*G1-G3*D2-G_*D1
HR0=(C5"C3:C6"C4}/C7
HI0=(C5"C4+C6"C3)/C7
IF(K_2) 279_2V9,264

C THRUST BEARING LOAD,TRANSLATION
2?9 E_C:I,O

FRC=CI
K=3

STW=-O,5*(POO+FLD)
STC=-O,5*(POO+GMNV)

PEL=O,O
EEL=O,O
RCL=O,O
ECL=O,O
C3:1,0
C4:I,0
DO 260 N=IgM
PRI(N)=(TSR(N)+TTR(N)*HPR-TTI(N)*HPE+TVR(N)*HRh-TVI(N)*NIO)/PO(N)
PII(N)=(TSI(N)+TTR(N)*HPE+TTI(N)*HPR+TVR(N)*HIO+TVI(N)*HRO)/PO(N)
PR2(N)=(SR(N)+TR(N)*HPR-TI(N}*HPE+VR(N}*HRO-VI(N)*HIO)/PTG(N)
PI2(N)=(SI(N)+TR(N}*HPE+TI(N)*HPR+VR(N}*HIO+VI(N)_HRO)/RTG(N)
REL:REL_.C3*PRI(N)
EEL=FEL+C3*PII(N)
RCL:RCL+C4*PR2(N)
ECL=FCL+CA*PI2(N}
STW=_TW+C3*PO(N)
STC:_TC+C4*PZG(N}
C3=C_LTA

26n C4=C4---DELG
REL:DELTA*(REL-O_5*PRI(I})
FF! :DFI TA*(FFi-O.5*PI! (],)}
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RCL =DEIG* ¢RCL-O. 5*PP2 (I )) -136-
ECL=DELG*(FCL-O.5*PI2{I) )

STW=DELTA*STW*2,0_FRFT
STC=DELGW'STC*2, O*FRFT
WST=STW+STC
C6=- ( RFL+RC'. )
C4=-EEL-ECL
W=2, O*FRFT*SQRTF( C6.C6+q4-C4 )
THETA=ANG (C6 9C4)
WRITE OUTPUT TAPE S,II4
WRITE OUTPUT TAPE 3,107;FLD,F'Lir),V,FLT,SIG�P2oCX
WRITE OUTPUT TAPE 39116
WRITE OUTPI;T TAPE 3,110,POO_VC�SLP,STW�STC�WST
WRITE OUTPUT TAPE 3,117
WRITE OUTPUT TAPE 3,1]O,W,TI4ETA,REL_EEL,RCL,ECL

285 WRITE OUTPUT TAPE S,II8
WRITE OUTPUT TAPE 3,119_HPO,HIO_HPR�HPE
IF(NPR _, 28!9283,281

281 WRITF OUTPIfT TAPE S,1P8
C3=I.C)
C4=I,0
DO 282 N:]_M

WRITE OUTPUT TAPE 3,121,C3,PO(N)tPRI(N),PIl(N)�C4,PZG(N)�PR2(N).
1D12 (N)
C3=CS+DELTA

282 C4:C4-DELG

283 !F(K-3) 248,248,290
C THRUST BEARING MOMENT,ROTATION

264 REM:O,O
EEM=O°O
RC_=O,O
EC_':3,C
C3:1,0
C4:1.0
'3C __85 N=I�M
PRZ (N)=(TSR(NI+TTR (N)*HPR-TT I (N)*HPE+TVR (N)*NRO-TVI (N)*HIO) IPO(;

P; ! (N)=(TSI (N)+TTR (N)*HPE+TTI (N _*HPR+TVR(NI*HIO+TVI IN )*HRO)/PO (f'
cR2 (N)--(SR (N)+TR( N )*HPR-T I (N)*HPE+VR (N)*HRO-VI (N)*HI 0 )/PZG( N )
PI2 :N)=(SI (N)+TR( N )*HPE+T I (N)*HPR+VR (N)*Hf.O+VI (N)*HRO)/P/G(N)
C5:C3"C3
C6=C4"C4
REM:REM+CS*PRI IN)
EEM:EEM+C5*P I] (N)
RCM:RCM+CG*PR2 (N)
ECM=ECM+CG*PI2 (N )
C3=C3+DELTA

285 C4:C4-DELG
REM=DELTA* (REM-O, 5*PRI (] ))
EEM:DELTA* (_'EM-O° 5*Pl] (] ))
RCM=DELG_- (RCM-O,5WPR2 (I) )
ECM=DELG* (ECM-O,5*PI2 (I ) )
C6:- (REM+RCM)
C4--EEM=ECM

RMT-FRFT*SORTF (C6-C6+C4-C4)
THMT-ANG (C6,C4 )
WRITE OUTPIJT TAPE ,_9122
WRITE OUTPUT TAPE 39110tRMT�TN;ATtRE,MoEEM,_RCMtECM
GO TO 286

2qO CONTINUE
24P CONTINUE

IF(NDIAG) 2z_3,2 ,nO, 2&3
243 END FILE 3

STOP 77777
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275 WRITE OUTPUT TAPE 3,129 -137-
GO TO 242

lOn FORMAT(72HO
1 )

I0] FORMAT{72H
I )

102 FORMAT(91591PE15.7)
103 FORMAT(!P4E15.7)

106 FORMAT(////120H L/D LI/D PRESS.RATIO
I LAMBDA-T FREQUENCY NO. DIM.FLOW ORIF.PR.RAT
210 )

107 FORMAT(IP?EI?.?)
108 FORMAT(120HO ORIF,PRFS£. VENA CONT.CF. DM/D(P/V)

1TRANS.RE(HO) TRANS. IM(HO) ROTAT.RE(HO) ROTAT.IM(HO) )

109 FORMAT(IO2HO LOAD PHASE ANGLE RE(F_D LOAD)
tIM(END LOAD) RF(CTR.LOAD) IM(CTR.LOAD) )

110 FORMAT(1P6E17.7)
I11FORMAT(IO2HO MOMENT _HASE ANGLE RF(END _'OMT)

IIM(EN% MOMT) RE(CTR.MOMT) IM(CTR.MOMT) )
112 FORMAT(96HO TRANSLATO

IRY ROTATIONAL )
113 FORMAT(IO2H DIST.FR.FD.PL. PO RE(P1)

1 IM(P1) RE(P1) IM(P1) )
114 FORMAT(////I20H OUT.R/ORI_.R. ORIF.RIINN.R. PRFSS.RATIO

1 LAMRDA-T FREOUENCY NO. DIM.FLOW ORIF.PR.RAT
210 )

115 FORMAT(B4H1 MECHANICAL TFCHNO
1LOGY,INC. JORGEN W.LUND )

116 FORMAT(IO2HO ORIF.PRESS. VENA CONT.CF. DM/D(PIV)
IOUT.STAT.LOAD INN.STAT.LOAD STATIC LOAD )

117 FORMAT(IO2HO DYNAMIC LOAD PHASE ANGLE RE(OUT.LOAD)
tIM(OUT.LOAD) RE(INN.LOAD) IM(INN.LOAD) )

118 FORMATi66HO RE(HO) IM(HO) RE(HPRO)
1 IM(HPRO) )

]19 FORMAT(1P4E17.7)
120 FORMATiIO8H PNO047 DYNAMIC LOAD FOR HYDROSTATIC JO

IURNAL AND THRUST BFARING-FIRST ORDER PFRTURBATION )

121 FORMAT(IPEI4.6_IP_FIS.691PEl&.BtlP_I_*6)
122 FORMAT(IO2HO #OMENT PHASE ANGLE RE(OUT,MOMT)

IIM(OLIT.MOMT) R_(INN.MOMT) IM(INN.MOMT) )
123 FORMATI23HO FEEDING PARAMETFRS)
IP_ FORMAT(IPTFIT.?)
125 FORMAI(18HO PRESS. RATIOS)
126 FORMAT(22HO FREQUENCY NUMBERS)
127 FORMAT(32HO VENA CONTRACTA COEFFICIENTS)
128 FORMAT(120HORADIUS/ORIF.R PO RF(PI) IM(PI

I} RADIUS/ORIF.R Ph RE(P/) IM(P]) )
12g FORMAT(36HONO ROOT IN ORIFICE FLOW CALCULATION)
131FORMAT(IBHO L/D-RATIO )
132 ¢ORMAT{1BHO L1/D-RATIO )
I_6 FORMAT(120HO NO.L/D NO.LI/D NO.PR.RATIO NO,LAM_DA NO.FR

IEO. JOURN/THR. NO. INCR, PRF$SoOUTP. INPLIT ADIARoFXPo )

137 FORMAT( I7,B 1129 lPF16.? )
END(O _I 90,1 _1 )
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NOMENCLATURE

A Orifice flow area - inch 2

_/B/C/D Millipore flow coefficients

6[ Orifice radius - inch

61_b Dimensions of rectangular pad, representing thrust segment,

figs. 8 and 9 - inch

C Radial clearance in journal bearing, axial clearance in

_hrust bearing - inch

C Source strength

D Journal bearing diameter - inch

Source location, see fig. 9 - inch

Feeding hole diameter - inch

E_Fs_ Functions for use in finite difference equations, see eqs. (H.23),
(H.24), (}{.30), (G.31), (G.37)

e Jour_lal bearing eccentricity - inch

Pressure function, short journal bearing, see eq. (F.7)

H Pressure variable, representing (Po _) , see eqs. (B.14),

(G.7), (G.26), (H.6), (}{.20)

HI_Ho Value of H at downstream orifice

H_o _ or _ at feedin_ plane

h Bearl_.g film thickness, dimensionless: I+_COSO , or in inch

Adiabatic gas exponent

Journal bearing length, fro_ feeding plane to bearing end,

see fig. 3 - inch

La Journal bearing length between feeding planes, see fig. 3 - inch

Mass flow through one orifice - ibs.sec/in

_r Total bearing mass flow- ibs.sec/in

_ Dynamic bearing moment - Ibs.inch

/

_JD Dimensionless dynamic moment, see eqs. (G.63) and (H.73)

_n Dimensionless mass flow through one orifice, see eq. (A.II)
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NOn,CLAiRE(c_ont_Cg.l

m' : a/dC)
m o Dimensionless orifice mass flow when E=O

: o
m Number of finite difference increa,,ents

N Number of feeding holes in bearing

h Running index

P Gas film pressure, dimensionless: _a , or in psia

Ambient pressure at end of bearing - ps_.a

Supply pressure - psia

_(psiQ)
Orifice downstream pressure i dimensionless: p_ , or in psia

_r Dimensionless pressure in thrust bearing recess

Dimensionless pressure when E=0

Dimensionless first order pressure coefficient, see eq. (B.2)

p_si_jv_w Functions for use in finite difference equations, see eqs. (G.40)_
(C.41)i (,.37), (,.38)

Q.,,Q.,Q,.,Q,Massflowper inch- lbs.sec/in 2

= j_iVmt , dimensionless mass flow in journal bearing

_7 = _Vm o , dimensionless mass flow in thrust bearing

Journal bearing radius - inch

Ri Outer radius of thrust bearing- inch

Rz Inner radius of thrust bearing - inch

Rc Radius of feeding plaue circle in thrust bearing - inch

RT (Gas constant). (total temperature) - in2/sec2
r(inch)

r" Radial coordinate in thrust bearing, dimensionless: Rc , or in inch

r(_nchJ dimensionless radial thrust bearing coordinate
r' = Ri

_. T Infinite series given by eq. (E.39)

, Time - seconds
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NOMENCLATURE(cant'd)

_i#_z Bearing surface velocities, see figs. l and 2 - in/sec

U Dimensionless pressure function, see eq. (E.20)

U,W Circumferential and axial gas velocity in Journal bearing - in/see

U,V Radial and tangential gas velocity iv £h_:ust bear%r_; - In/sec

V = Ps/_ , pressure ratio

W Load of journal and thrust bearing - Ibs

_A4 Load of journal bearing outside feeding planes - Ibs

Load of journal bearing between feeding plaues - Ibs

_/# Load including effect of inherent compensation- !bs

_/D Dynamic bearing load - Ibs

_; Dimensionless dynamic load, see eqs. (G.62) and (H.72)

)_Z Circumferential,radial ead axial coordinates for Jouraal
bearing, see fig. 1 - inch

Orifice flow coefficient

Angular vibration am[,li_de - radius

o_+t_ = _ see eqs. (G.18) and (C.19)O( • t "

= I , geometricaltiirnst h,,=ing parameter

= R¢/R 2 , dimensionless inner radius of thrust bearing

_, Fourier coefficients for U , see eq. (E.21)

E = e/C , eccentricity ratio

E Dimensionless vibration amplitude

_# _IR , dimensionless axial coordinates for journal bearing see fig. 3
x

2YT5 = , dimensionless x-coordinate for rectangular pad,
appendix E

= LI/_) , dimensionless length between feeding planes in Journal bearing

= ,r{,/_¢,dimensionless outer radius of thrust bearing

Adiabatic efficiency of orifice
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_NOMENCLATURE (cont'd)

_2 e Circumferential coordinate in journal bearing, see fig. ] - radians

Tangential coordinate in thrust bearzng - radians

=d/a , dimensionless coordinate for orifice in rectangular pad,
appendix E

Gas viscosity - ibs.sec/in2

V Vena contracta coefficient of orifice

= L/D , dimensionless length outside feedin_ planes in journal
bearing, see fig. 3

=_/Q , aspect ratio of rectangular pad, appendix E, see figs. 8 and 9

Mass density - _bs.sec2/in4

6 = _ \-_/ , frequency number

=c_/dC , inherent compensation factor

T =cot , dimensionless time

Journal bearing attitude angle, see fig. I - radians

Angular velocity of journal center - rad/sec

,d  nsionlesy-coordinateforrecta.g l.rpad,
appendix E

_w Phase angle for translatory vibration, see eq. (G.62) and (H.72) - radians

_ Phase angle for rotatio,m] vibration, see eqs. (G.63) and (H.73) - radians

_ = et_t , related error function

(_) Angular speed - rad/sec

(_ frequency - rad/sec

A_ Dimensionless axial increment in finite difference equation for
journal bearing

_r Dimensionless radial increment in finite difference equation for
thrust bearing

]_ = _ kC ] , bearing number

/kt = _C 3 , feeding parameter for journal bearing

A T = _Cd(i+ _ , feeding parameter for thrust bearing
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